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Figure 4. Left: the half I-band luminosity L1/2 versus half-light mass M1/2 for a broad population of spheroidal galaxies. Middle: the dynamical I-band
half-light mass-to-light ratio ϒI

1/2 versus M1/2 relation. Right: the equivalent ϒI
1/2 versus total I-band luminosity LI = 2 L1/2 relation. The solid line in the

left-hand panel guides the eye with M1/2 = L1/2 in solar units. The solid, coloured points are all derived using our full mass likelihood analysis and their
specific symbols/colours are linked to galaxy types as described in Fig. 2. The I-band luminosities for the MW dSph and GC population were determined by
adopting M92’s V − I = 0.88. All open, black points are taken from the literature as follows. Those with M1/2 > 108 M⊙ are modelled using equation (2)
with σlos and r1/2 culled from the compilation of Zaritsky et al. (2006): triangles for dwarf ellipticals (Geha, Guhathakurta & van der Marel 2003), inverse
triangles for ellipticals (Jørgensen, Franx & Kjaergaard 1996; Matković & Guzmán 2005), plus signs for brightest cluster galaxies (Oegerle & Hoessel 1991)
and asterisks for cluster spheroids, which, following Zaritsky et al. (2006), include the combination of the central brightest cluster galaxy and the extended
intracluster light. Stars indicate globular clusters, with the subset of open, black stars taken from Pryor & Meylan (1993).

more massive counterparts (Bovill & Ricotti 2009; Bullock et al.
2009).

4.2 The global population of dispersion-supported
stellar systems

A second example of how accurate M1/2 determinations may be
used to constrain galaxy formation scenarios is presented in Fig. 4,
where we examine the relationship between the half-light mass M1/2

and the half-light I-band luminosity L1/2 = 0.5LI for the full range
of dispersion-supported stellar systems in the Universe: globular
clusters, dSphs, dwarf ellipticals, ellipticals, brightest cluster galax-
ies and extended cluster spheroids. Each symbol type is matched
to a galaxy type as detailed in the caption. We provide three rep-
resentations of the same information in order to highlight different
aspects of the relationships: M1/2 versus L1/2 (left-hand panel),
the dynamical I-band mass-to-light ratio within the half-light ra-
dius ϒ I

1/2 versus M1/2 (middle panel) and ϒ I
1/2 versus total I-band

luminosity LI (right-hand panel).
Masses for the coloured points are derived using our full mass

likelihood approach and follow the same colour and symbol con-
vention as in Fig. 2. All of the black points that represent galaxies
were modelled using equation (2) with published σlos and r1/2 values
from the literature.13 The middle and right-hand panels are inspired
by (and qualitatively consistent with) figs 9 and 10 from Zaritsky,
Gonzalez & Zabludoff (2006), who presented estimated dynamical
mass-to-light ratios as a function of σlos for spheroidal galaxies that
spanned two orders of magnitude in σlos.

We note that the asterisks in Fig. 4 are cluster spheroids (Zaritsky
et al. 2006), which are defined for any galaxy cluster to be the sum
of the extended low-surface brightness intracluster light component
and the brightest cluster galaxy’s light. These two components are
difficult to disentangle, but the total light tends to be dominated

13 The masses for the open, black stars (globular clusters) were taken directly
from Pryor & Meylan (1993).

by the intracluster piece. One might argue that the total cluster
spheroid is more relevant than the brightest cluster galaxy because
it allows one to compare the dominant stellar spheroids associated
with individual dark matter haloes over a very wide mass range
self-consistently. Had we included analogous diffuse light compo-
nents around less massive galaxies (e.g. stellar haloes around field
ellipticals) the figure would change very little, because halo light is
of minimal importance for the total luminosity in less massive sys-
tems (see Purcell, Bullock & Zentner 2007). One concern is that the
central cluster spheroid mass estimates here suffer from a potential
systematic bias because they rely on the measured velocity disper-
sion of cluster galaxies for σlos rather than the velocity dispersion of
the cluster spheroid itself, which is very hard to measure (Zaritsky
et al. 2006).14 For completeness, we have included brightest cluster
galaxies on this diagram (plus signs) and they tend to smoothly fill
in the region between large Es (inverse triangles) and the cluster
spheroids (asterisks).

There are several noteworthy aspects to Fig. 4, which are each
highlighted in a slightly different fashion in the three panels. First,
as seen most clearly in the middle and right-hand panels, the dy-
namical half-light mass-to-light ratios of spheroidal galaxies in the
Universe demonstrate a minimum at ϒ I

1/2 ≃ 2–4 that spans a re-
markably broad range of masses M1/2 ≃ 109−11 M⊙ and luminosi-
ties LI ≃ 108.5−10.5 L⊙. It is interesting to note the offset in the av-
erage dynamical mass-to-light ratios between globular clusters and
L⋆ ellipticals, which may suggest that even within r1/2, dark matter
may constitute the majority of the mass content of L⋆ Es. Neverthe-
less, it seems that dark matter plays a clearly dominant dynamical
role (ϒ I

1/2 ! 5) within r1/2 in only the most extreme systems (see
similar results by Dabringhausen, Hilker & Kroupa 2008; Forbes
et al. 2008, who study slightly more limited ranges of spheroidal
galaxy luminosities). The dramatic increase in dynamical half-light

14 In addition, concerns exist with the assumption of dynamical equilibrium.
However, Willman et al. (2004) demonstrated with a simulation that using
the intracluster stars as tracers of cluster mass is accurate to ∼10 per cent.
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TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

Dark Matter Dominated
Walker et al. 2007
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• CDM simulations predict thousands of 

dark matter substructures 
• Only dozens of dwarf galaxies are found 
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Figure 3. Rotation curves, assuming Einasto profiles with α = 0.18, of
all resolved haloes with Vpeak > 30 km s−1 within 300 kpc of the centre
of Douglas (based on measured Vmax and Rmax values in the simulation).
Plotted as black points are the data for the MW satellites brighter than
2 × 105 L⊙ compiled in Wolf et al. (2010), with sizes proportional to the
log of their stellar masses. The cyan lines indicate strong massive failures –
subhaloes that are too dense to host any of the MW dSphs. The black lines
plot the additional subhaloes that are identified as massive failures according
to the stricter definition given in the text: haloes with Vpeak > 30 km s−1 that
are not accounted for by the dense galaxies in the observational sample. The
subhaloes with Vpeak > 30 km s−1 that are selected to host the high-density
galaxies, Draco and Ursa Minor, are indicated by dotted magenta lines, with
their associated galaxies plotted as magenta squares. The dotted lines plot
the subhaloes that are consistent with at least one of the remaining seven
dwarfs in our sample, which are allowed to reside in multiple such sub-
haloes. The grey dashed line indicates the sole subhalo of Douglas expected
to host a Magellanic Cloud (Vmax > 60 km s−1), which we exclude from
our analysis. Not plotted are 40 resolved (Vmax > 15 km s−1) subhaloes
with Vpeak < 30 km s−1. In all, Douglas hosts 12 unaccounted-for massive
failures, including eight strong massive failures that are too dense to host
any bright MW dSph.

enough to host the lower density galaxies at z = 0. The curves
correspond to Einasto profiles with α = 0.18, normalized using
the measured Rmax and Vmax values for each identified system. The
dashed grey line indicates the lone Magellanic Cloud analogue in
Douglas, defined as subhaloes with present-day Vmax > 60 km s−1

(Stanimirović, Staveley-Smith & Jones 2004), which is eliminated
from our analysis. Our cut is again less conservative than that in
Boylan-Kolchin et al. (2011): the criterion used by those authors
would eliminate approximately one additional subhalo per host, on
average (i.e. they would measure one fewer strong massive failure
per host).

The data points in Fig. 3 indicate measurements of V1/2 at r1/2

for the MW dSphs in our sample (taken from Wolf et al. 2010, who
used data from Walker, Mateo & Olszewski 2009 along with data
from Muñoz et al. 2005; Koch et al. 2007; Simon & Geha 2007

and Mateo, Olszewski & Walker 2008).2 The Wolf et al. formula
is analytically exact for spherically symmetric systems with flat
velocity dispersion profiles. However, for strongly non-spherical
systems the mass (circular velocity) at r1/2 can be underestimated
by as much as 40 per cent (18 per cent) if the satellite is viewed along
the long-axis, and similarly overestimated by as much as 50 per cent
(22 per cent) if viewed from along the short axis (Kowalczyk et al.
2013). Shifts of order 20 per cent in V1/2 in Fig. 3 (roughly the size
of the error bars on Draco and Ursa Minor) would not strongly affect
our overall conclusions. Other mass estimators in the literature (e.g.
Breddels & Helmi 2013; Jardel & Gebhardt 2013) yield results that
are consistent with those plotted in Fig. 3.

The points in Fig. 3 are sized by the log of the stellar mass of each
galaxy. Plotted in black are the low-density MW dSph galaxies. The
magenta points indicate the high-density dSphs, Draco and Ursa
Minor, which may only be associated with a single subhalo in each
host (indicated by the dotted magenta lines) when counting massive
failures. If the data points for Draco or Ursa Minor were 10 km s−1

higher (e.g. if V1/2 were underestimated), the strong massive failures
(cyan lines) would vanish but the number of massive failures (cyan
and black lines) would remain unchanged.

Fig. 4 summarizes the results of counting massive failures in the
complete set of 48 hosts, where each line corresponds to a different
assumed density profile shape. Black lines show results for our
fiducial choice, an α = 0.18 Einasto profile; also shown are the
implied distributions for NFW profiles (magenta), an underdense
Einasto (cyan; α = 0.28), and an overdense Einasto (dark yellow,
α = 0.15). The left-hand panel indicates the cumulative distribution
of massive failures and the right plots the same for strong massive
failures; also plotted as a dashed magenta line is the distribution of
1σ discrepant subhaloes from the Aquarius simulations, which we
discuss below. As explained above, the strong definition is highly
sensitive to the densest dwarf; it is likewise strongly dependent
on the density profile, with medians varying between 2 and 10 for
those chosen here. The number of massive failures, however, is more
consistent and varies by a maximum of ∼5 – the median varies from
8.5 for α = 0.28 to 13 for α = 0.15.

All of the 48 hosts contain at least two strong massive failures for
α = 0.18; using the slightly less dense NFW profile results in only
one (iHera, with Mv = 1.22 × 1012 M⊙) of the 48 hosts (2 per cent)
containing no strong massive failures.3 Even the least dense profile
considered here (α = 0.28) leads to only five hosts (10 per cent) with
no strong failures.4 These results are similar to the expectations of
Purcell & Zentner (2012), who estimated the prevalence of strong
massive failures in MW-size hosts using a semi-analytic formalism,
though in detail we have found slightly higher fractions of systems
with strong massive failures.

The problem is revealed as more serious when we enumerate all
unaccounted-for massive haloes, however. None of the ELVIS hosts
are without massive failures: the least problematic MW analogues

2 For simplicity, we exclude galaxies within 300 kpc of M31 – many of
the M31 satellites have substantial contributions from baryons within r1/2,
making a measurement of the central DM density very difficult. However, the
central masses of the M31 dSphs appear to be consistent with the MW dSphs
(Tollerud et al. 2012), and are therefore inconsistent with the subhaloes
expected to host them (Tollerud et al. 2014).
3 However, iHera does not host any LMC or SMC candidate subhaloes and
therefore remains an imperfect match to the MW satellite system.
4 For completeness sake, we note that the massive failures are drastically
reduced in number or disappear completely if we assume a strongly cored
or flat inner profile (α = 0.5−1).

MNRAS 444, 222–236 (2014)
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CHAPTER 2. INDIRECT DETECTION 9

Figure 2.2 A high resolution numerical simulation of a Milky-Way-sized dark matter
halo from the Aquarius Project [13]. Thousands of dark matter subhalos can be
seen superimposed on the smooth primary halo. The brightness of each pixel is
proportional to the logarithm of the squared dark matter density projected along the
line of sight. Adapted from Springel et al. [13].

2.2 Indirect Detection Formalism

Having discussed the distribution of dark matter in the Galactic environment, we

now consider the predicted �-ray signal from dark matter annihilation. The �-ray

flux from dark matter annihilation depends both on the spatial distribution of dark

matter and on the particle physics governing annihilation. The signal flux, ⇧�(�⇤)

(ph cm�2 s�1 sr), expected from annihilation in a dark matter density distribution,

⇤(r), can be expressed as

⇧�(�⇤) =

�

�⇤

⇥�

l.o.s.

⇤2(r)dl
⇤
d⇤⇥

⌃ ⇧⌅ ⌥
J-factor

· 1

4⇥

⇥⌅v⇤
2m2

DM

� Emax

Emin

dN�

dE�
dE�

⌃ ⇧⌅ ⌥
⇥PP

. (2.6)

The preceding J-factor represents the line-of-sight integral through the square of the

dark matter density integrated over a solid angle �⇤. The second factor, ⇥PP,

is strictly dependent on the properties of the dark matter particle: the thermally-

averaged annihilation cross section, ⇥⌅v⇤, the particle mass, mDM, and the di⌅erential

Springel et al. (2008)

Simulated Dark Matter Distribution
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Figure 1. (g − r, r) CMD showing the two reddest and two bluest theoretical
isochrones for old stellar populations ([Fe/H]= −2.27, −1.5 and age = 8, 14
Gyr) at a distance modulus of m−M = 16.5 (∼ 20 kpc), generated from Girardi
et al. (2004). The shaded region shows pixels that pass the selection criteria.

populated by old, metal-poor stars. Simon & Geha (2007) ob-
tained spectra of stars in eight of the newly discovered dwarfs—
CVn, CVn II, Com, Her, Leo IV, Leo T, UMa, and UMa II—and
found mean metallicities in the range −2.29 < [Fe/H]< −1.97.
Based on this result, we consider isochrones for populations
with metallicities of [Fe/H] = −1.5 and −2.27 (the lower
limit in Girardi et al. 2004) and with ages 8 and 14 Gyr. Four
isochrones in these ranges can be used to bound the region of
CMD space we are interested in, namely the four combina-
tions of [Fe/H] = −1.5 and −2.27 and ages 8 and 14 Gyr.
Figure 1 shows these four isochrones projected to a distance of
20 kpc.

We define the selection criteria by the CMD envelope inclu-
sive of these isochrones +/− the 1σ (g − r) color measurement
error as a function of r magnitude. Shifting these isochrones
over distances between m−M = 16.5 and 24.0 in 0.5 mag steps
defines 16 different selection criteria appropriate for old stellar
populations between d ∼ 20 kpc and ! 630 kpc. We truncate
our color–magnitude selection template at a faint magnitude
limit of r = 22.0, beyond which photometric uncertainties in
the colors and star/galaxy separation limit the ability to detect
these populations. We also truncate the selection template at
g − r = 1.0, as including redder objects adds more noise from
MW dwarf stars than signal from more distant red giant branch
(RGB) stars. Finally we do not include stars with δg or δr >
0.3 mag in our analysis. To efficiently select stars within this
CMD envelope, we treat the CMD as an image of 0.025×0.125
(color × mag) pixels and determine which stars fall into pixels
classified as “good” according to the selection criteria. Figure 1
shows an example of the selection criteria, in this case for
m−M = 16.5 (∼ 20 kpc). The shaded region highlights pixels
that would be classed as “good” for a system at ∼20 kpc.

3.3. Spatial Smoothing

After the photometric cuts are applied, we bin the spatial
(R.A., decl.) positions of the selected stars into an array, E,
with 0.◦02×0.◦02 pixel size. We use a locally defined coordinate

Table 1
Angular Sizes of the Satellites Detected in SDSS

Object rh

(arcmin)

Boötes 12.6
Boötes II 4.2
Canes Venatici 8.9
Canes Venatici II 1.6
Coma Berenices 6.0
Hercules 8.6
Leo IV 2.5
Leo V 0.8
Leo T 1.4
Segue 1 4.4
Ursa Major 11.3
Ursa Major II 16.0
Willman 1 2.3

system to avoid projection effects. We then convolve this two-
dimensional (2D) array with a spatial kernel corresponding to
the expected surface density profile of a dSph. We refer to this
smoothed spatial array as A. For our spatial kernel we use a
Plummer profile with a 4.′5 scale length. This value provides
an effective compromise between the angular scale lengths
of compact and/or distant objects with those of closer/more
extended objects. For reference the angular sizes of the new
satellites are listed in Table 1. We use the rh values derived by
Martin et al. (2008) except for Leo V (Belokurov et al. 2008).

The normalized signal in each pixel of A, denoted by S, gives
the number of standard deviations above the local mean for each
element:

S = A − Ā

Aσ

.

The arrays of running means, Ā, and running standard devia-
tions, Aσ , are both calculated over a 0.◦9 × 0.◦9 window around
each pixel of A. In particular, Aσ is given by

Aσ =

√
n(A − Ā)2 ∗ B − ((A − Ā) ∗ B)2

n(n − 1)
.

B is a box filter with n elements and is the same size as
the running average window. The resulting array Aσ gives
the standard deviation value for each pixel of A as measured
over the 0.◦9 × 0.◦9 span of the filter. In the next section, we will
define the detection threshold of this survey in terms of S, as
well as in terms of the local stellar density E.

3.4. Detection Threshold(s)

In a large survey such as ours, it is critical to set detection
thresholds strict enough to eliminate false detections but loose
enough to retain known objects and promising candidates. To
characterize the frequency and magnitude of purely random
fluctuations in stellar density analyzed with our algorithm, we
measure the maximum value of S for 199,000 5.◦5×3◦ simulated
fields of randomly distributed stars that have been smoothed
as described in the previous section. The only difference is
that there is no gradient in stellar density across each field.
In the interest of computational efficiency we do not use a
running window for the mean and σ of each simulated field.
The field size is chosen such that 1000 fields roughly total an

4 Advances in Astronomy
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Figure 1: A color-magnitude (CM) filter used to suppress the noise from foreground stars while preserving the signal from dwarf galaxy stars
at a specific distance. (a) and (c) CM filters for an old and metal-poor stellar population at a distance modulus of 16.5 and 20.0, respectively.
The solid lines show Girardi isochrones for 8 and 14 Gyr populations with [Fe/H] = −1.5 and−2.3. (b) and (d) These CM filters overplotted
on stars from a 1 deg2 field to illustrate the character of the foreground contamination as a function of dwarf distance. Data are from SDSS
DR7.
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Figure 2: (a) Map of all stars in the field around the Ursa Major I dwarf satellite, MV = −5.5, d = 100 kpc. (b) Map of stars passing the CM
filter projected to m −M = 20.0 shown in Figure 1(c). (c) Spatially smoothed number density map of the stars in (b). The Ursa Major I
dwarf galaxy has a µV ,0 of only 27.5 mag arcsec2 [63]. Data are from SDSS DR7.

(iii) Identify Statistically Significant Overdensities. A
search of 10 000 deg2 of SDSS data, optimized for dwarfs
at 16 different distances, and a single choice of stellar
population and scale size require evaluating the statistical
significance of 600 million data pixels that do not necessarily
follow a Gaussian distribution of signal. Setting the detection
threshold to select candidate dwarf galaxies was done by
simulating numerous realizations of the search, assuming a
random distribution of point sources and permitting only
one completely spurious detection. The threshold is set to be
a function of point source number density after CM filtering.

(iv) Follow-up Candidates. Regions detected above the
detection threshold are considered candidates for MW
dwarf galaxies. Although the threshold is set to prevent
the detection of any stochastic fluctuations of a randomly
distributed set of point sources [61], the detections are only
“candidates” because resolved dwarf galaxies are not the only

possible overdensities of point sources expected in the sky.
For example, fluctuations in the abundant tidal debris in
the Milky Way’s halo or (un)bound star clusters could be
detected. It is essential to obtain follow-up photometry to
find the color-magnitude sequence of stars expected for a
dwarf galaxy and also follow-up spectroscopy to measure the
dark mass content (dark matter is required to be classified as
a galaxy) based on the observed line-of-sight velocities.

This search algorithm is very efficient. In the WWJ
search, the eleven strongest detections of sources unclassified
prior to SDSS were 11 of the 14 (probable) ultra-faint
Milky Way dwarfs. All of these but Boötes II were known
prior to the WWJ search. See references in Section 3 for
details of the follow-up observations that confirmed these
objects to be dwarf galaxies. Follow-up observations of
as-yet unclassified SDSS dwarf galaxy candidates are on-
going by several groups, including a group at the IoA at
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Figure 1: A color-magnitude (CM) filter used to suppress the noise from foreground stars while preserving the signal from dwarf galaxy stars
at a specific distance. (a) and (c) CM filters for an old and metal-poor stellar population at a distance modulus of 16.5 and 20.0, respectively.
The solid lines show Girardi isochrones for 8 and 14 Gyr populations with [Fe/H] = −1.5 and−2.3. (b) and (d) These CM filters overplotted
on stars from a 1 deg2 field to illustrate the character of the foreground contamination as a function of dwarf distance. Data are from SDSS
DR7.
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Figure 2: (a) Map of all stars in the field around the Ursa Major I dwarf satellite, MV = −5.5, d = 100 kpc. (b) Map of stars passing the CM
filter projected to m −M = 20.0 shown in Figure 1(c). (c) Spatially smoothed number density map of the stars in (b). The Ursa Major I
dwarf galaxy has a µV ,0 of only 27.5 mag arcsec2 [63]. Data are from SDSS DR7.

(iii) Identify Statistically Significant Overdensities. A
search of 10 000 deg2 of SDSS data, optimized for dwarfs
at 16 different distances, and a single choice of stellar
population and scale size require evaluating the statistical
significance of 600 million data pixels that do not necessarily
follow a Gaussian distribution of signal. Setting the detection
threshold to select candidate dwarf galaxies was done by
simulating numerous realizations of the search, assuming a
random distribution of point sources and permitting only
one completely spurious detection. The threshold is set to be
a function of point source number density after CM filtering.

(iv) Follow-up Candidates. Regions detected above the
detection threshold are considered candidates for MW
dwarf galaxies. Although the threshold is set to prevent
the detection of any stochastic fluctuations of a randomly
distributed set of point sources [61], the detections are only
“candidates” because resolved dwarf galaxies are not the only

possible overdensities of point sources expected in the sky.
For example, fluctuations in the abundant tidal debris in
the Milky Way’s halo or (un)bound star clusters could be
detected. It is essential to obtain follow-up photometry to
find the color-magnitude sequence of stars expected for a
dwarf galaxy and also follow-up spectroscopy to measure the
dark mass content (dark matter is required to be classified as
a galaxy) based on the observed line-of-sight velocities.

This search algorithm is very efficient. In the WWJ
search, the eleven strongest detections of sources unclassified
prior to SDSS were 11 of the 14 (probable) ultra-faint
Milky Way dwarfs. All of these but Boötes II were known
prior to the WWJ search. See references in Section 3 for
details of the follow-up observations that confirmed these
objects to be dwarf galaxies. Follow-up observations of
as-yet unclassified SDSS dwarf galaxy candidates are on-
going by several groups, including a group at the IoA at

Color-Magnitude 
Domain

Spatial 
Domain

Koposov et al. (2008) 
Walsh et al. (2009) 
Willman et al. (2010)
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Figure 3: Color-magnitude diagram of galaxies with small angular
sizes and stellar sources in the Hubble Ultra Deep Field [67].
Galaxies outnumber stellar objects by a factor of 75 in this figure,
suggesting that unresolved galaxies will be the primary source of
contamination in searches for ultra-faint dwarfs in deep survey
data. Objects designated “stellar” in this image are those with
type > 0.3 in the HUDF catalog.

severely contaminated by unresolved galaxies. The mock
galaxy catalog predicts ∼700 000 galaxies per deg2 with r <
27.5 and g − r < 1.5. By contrast, the Trilegal model predicts
∼35 000 stars per deg2 with those same colors and mag-
nitudes. Based on the HUDF catalog, roughly half of the
galaxies at the faint magnitudes to be accessible by LSST have
angular sizes smaller than the expected median image quality
of 0.8′′. Unresolved galaxies thus outnumber stars by a factor
of 100 in observations down to r = 27.5 when only angular
size is used to morphologically classify objects, consistent
with the results obtained from the small HUDF field-of-view.

The very least luminous (MV ! −3) systems can only
be discovered by their MSTO and main sequence stars,
because they have few, if any, red giant branch stars. The
contamination by unresolved galaxies could therefore be
catastrophic for discoveries of such systems at large distances,
particularly because galaxies themselves are clustered and
thus do not provide a smooth background that can easily be
removed. However, a combination of careful morphological
classification and color-color-magnitude filtering can be
used to drastically reduce the noise from unresolved galaxies.
In reality, star-galaxy separation is not performed by a simple
measurement of angular size; the extended shapes of the light
profiles of sources are often used to discriminate between

stars and galaxies. For example, [72] describes a method to
use the curve-of-growth of the light profile of individual
objects to yield a morphological star-galaxy classification.
This type of classification will still yield a star catalog that
is dominated by faint galaxies. Galaxies also have colors
that differ from those of stars. For example, color-color
information has been used to distinguish Milky Way stars
from unresolved galaxies at very faint magnitudes in the
Deep Lens Survey, a deep, ground-based, survey in multiple
optical filters [73].

An important consideration for dwarf searches in LSST-
depth data is prospects for meaningful follow-up obser-
vations. Follow-up imaging to obtain deep CMDs has
been needed to confirm many of the 14 known ultra-faint
dwarfs. However, color-magnitude diagrams deeper than the
expected LSST limiting r-magnitude of 27.5 could likely
not be obtained from the ground. Space-based follow-up
to confirm new dwarfs with JWST will probably also not
be feasible, because the number of dwarfs may be in the
hundreds (with a higher number of candidates) and because
the fields-of-view of the cameras on JWST (∼2.2′ × 2.2′)
are smaller than the angular sizes expected for all but the
smallest scale size dwarfs. With a half-degree field-of-view,
the camera on the Supernova Acceleration Probe (SNAP)
could provide the imaging needed to confirm the presence
of relatively distant dwarfs tentatively detected in LSST data.
There are not currently plans for SNAP to be a pointed
tool for such science. Therefore the number of resolved
stars required for a certain ultra-faint detection in very
deep survey data will necessarily be higher than in SDSS-
depth data. The spectroscopic resources now being used to
measure the masses of new ultra-faint objects (e.g., DEIMOS
on Keck II, Hectochelle on the MMT) are also already
being pushed to their limits with the dwarfs discovered
in SDSS. Much fainter or more distant dwarfs could not
be effectively studied with these resources but instead will
require next generation 30 m class telescopes (such as a
Giant Magellan Telescope or Thirty Meter Telescope) and/or
instrumentation.

A final consideration for searches is based on resolved
stars in an LSST-depth dataset—the possible crowding of
stars belonging to more distant satellites. Although fewer
stars are resolved in more distant galaxies, the apparent
angular separation of resolved stars decreases with increasing
distance. If the average star separation is small relative to
the average full-width half-max of stars in the image, then
an object may be confusion limited and its individual stars
not identified in a standard photometric pipeline. Could
ultra-faint dwarf galaxies become confusion limited before
they are, in theory, too distant to detect as overdensities of
resolved stars? Using the Dotter stellar luminosity functions
(http://stellar.dartmouth.edu/) [74] and assuming a star cat-
alog as deep as the LSST 10-year coadd, the average spacing
between resolved stars in a 10 Gyr, [Fe/H] = −2.0 stellar
population is roughly constant with distance for 100 kpc—
dlim. dlim is the optimistic limiting detection distance for
dwarfs with −2.5 > MV > −7.5. For ultra-faint Milky Way
satellites with scales sizes ∼50% smaller (and thus smaller
angular separation between stars) than those of ultra-faints

Galaxy more abundant than  
stars a faint magnitudes.

Require better star-galaxy 
separation

More sensitive and robust 
search techniques

Willman (2010)

Small, well characterized 
signal in a strong, 

structured background.



A Familiar Problem

16



A Familiar Problem

17

Gamma-ray Source 
(4C+21.35)

Dwarf Galaxy  
(Coma Berenices)



Maximum Likelihood Analysis

18

Maximum Likelihood Formalism 

15 July 2013 Keith Bechtol (bechtol@kicp.uchicago.edu) 4 

¦
�

��� 
Stars

)1log(log
i

i fpL O

¦
�

 
Stars

1

i
ipf

O

Find the richness, λ, which maximizes the likelihood, L 

f is the fraction of satellite galaxy stars which are unmasked,  
i.e., observable in a given DES observation 

p is the satellite membership probability of each star 

Another strategy is to approximate detection of each star as a  
Poisson probability, and follow a maximum likelihood approach 
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Treat spatial and spectral properties of satellite as separable PDFs (normalized 
according to the richness definition). Two color filters are sufficient for stars. 
Take into account the color uncertainty for each individual star. 

Create empirical background model from data which depends only on observed 
magnitudes. Assume density (deg-2 mag-2) to be isotropic on small patches of 
sky. 

i.e., signal probability / (signal + background probability) Membership Probability:

Richness:

Log Likelihood:

(ui = sig prob, bi = bkg prob)

(λ = normalization = number of stars)

(f = observable fraction)

Satellite Radial Profile 
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Currently using Plummer profile 
spatial kernel, which can be 
normalized analytically, and has a 
single half-light radius parameter 
 
Realistic for satellite galaxies 
 
Change the size as a function of 
stellar mass and distance (apply 
some scaling relation), or scan at 
multiple fixed half-light radii ?? 
 
Using 0.1 deg half-light radius for 
the following examples. 

Spatial Model Satellite Color-Magnitude Diagram 
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Example composite isochrone 
made up of 4 individual 
isochrones to represent spread 
in metallicities and ages 
(plotted here as discrete 
sampled points) 
 
Using DES-specific isochrones 
provided by Eduardo Balbinot  
 
PDF is determined by the initial 
mass function 
 
Emphasize that we are 
searching for a stellar 
population 

“Spectral” Model
Mangle Mask 
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https://desdb.cosmology.illinois.edu/confluence/display/DESAST/Mangle+masks+for+DES+operations+data 

Use this SV field 
centered on the 
Bullet cluster 
field for following 
examples 

“Exposure”
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follow up observations
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The Dark Energy Survey
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DES Year-One (Y1A1)

21

• Imaging data from the first year 
of the survey:  
August 2013 to February 2014 

• ~12,000 science exposures 
• Coadded image catalog 

covering ~1800 deg2 
• ~200 deg2 overlapping with 

SDSS Stripe-82 
• ~1600 deg2 overlapping with 

the South Pole Telescope 
• Stellar completeness >50% 

down to g,r ~ 23 
• Calibration uncertainty:  

 2% (relative), 0.5% (absolute)



SDSS DR10
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DES Y1A1
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Y1A1: A First Look
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Fig. 4.— Stellar density and color-magnitude diagrams for DES J0335.6�5403. Top left : Spatial

distribution of stars with g < 24 mag that are within 0.1 mag of the isochrone displayed in the

lower panels. The field of view is 1.

�5 ⇥ 1.

�5 centered on the candidate and the stellar distribution

has been smoothed with a Gaussian kernel with standard deviation 0.

�027. Top center : Radial

distribution of stars with g � r < 1 mag and g < 24 mag. Top right : Spatial distribution of stars

with high membership probabilities within a 0.

�5 ⇥ 0.

�5 field of view. Small gray points indicate

stars with membership probability less than 5%. Bottom left : The color-magnitude distribution of

stars within 0.1 deg of the centroid are indicated with individual points. The density of the field

within a 1 deg annulus is represented by the background two-dimensional histogram in grayscale.

The red curve shows a representative isochrone for a stellar population with ⌧ = 13.5 Gyr and

Z = 0.0001 located at the best-fit distance modulus listed in the upper left panel. Bottom center :

Binned significance diagram representing the Poisson probability of detecting the observed number

of stars within the central 0.1 deg for each bin of the color-magnitude space given the local field

density. Bottom right : Color-magnitude distribution of high membership probability stars.
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Fig. 5.— Analogous to Figure 4 but for DES J0344.3�4331. A large number of stars, including

several probable horizontal branch members, are present at magnitudes fainter than the g < 23 mag

threshold of our likelihood analysis. This threshold was set by the rapidly decreasing stellar com-

pleteness at fainter magnitudes. However, it is likely that extending to fainter magnitudes would

cause the best-fit distance modulus of DES J0344.3�4331 to increase. Better constraints on the

properties of DES J0344.3�4331 require the stellar completeness to be robustly quantified in this

regime.

Reticulum II  
(DES J0335.6-5403)

Eridanus II  
(DES J0344.3-4331)

Bechtol et al. (2015) (DES Collaboration) 
(see also Koposov et al. 2015)

arXiv:1503.02584

arXiv:1503.02079
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Reticulum II
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Eridanus II

Belokurov & Koposov
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Fig. 8.— Analogous to Figure 4 but for DES J2108.8�5109.
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Fig. 9.— Analogous to Figure 4 but for DES J0443.8�5017.

– 21 –

�0.40.00.4

��
2000

(deg)

�0.4

0.0

0.4

�
� 2

0
0
0

(d
eg

)

m � M = 19.2

17

Fig. 8.— Analogous to Figure 4 but for DES J2108.8�5109.

Fig. 9.— Analogous to Figure 4 but for DES J0443.8�5017.
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Fig. 6.— Analogous to Figure 4 but for DES J2251.2�5836.
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Fig. 7.— Analogous to Figure 4 but for DES J0255.4�5406.
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Fig. 7.— Analogous to Figure 4 but for DES J0255.4�5406.
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Fig. 11.— Analogous to Figure 4 but for DES J0222.7�5217.
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Dwarf Galaxies or  
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Dwarf Galaxy Candidates 
(continued…)
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ABSTRACT

We present the discovery of a faint Milky Way satellite, Laevens 2/Triangulum II, found in the
Panoramic Survey Telescope And Rapid Response System (Pan-STARRS 1) 3 π imaging data and
confirmed with follow-up wide-field photometry from the Large Binocular Cameras. The stellar sys-
tem, with an absolute magnitude of MV = −1.8 ± 0.5, a heliocentric distance of 30+2

−2 kpc, and a
half-mass radius of 34+9

−8 pc, shows remarkable similarity to faint, nearby, small satellites such as Will-
man 1, Segue 1, Segue 2, and Boötes II. The discovery of Laevens 2/Triangulum II further populates
the region of parameter space for which the boundary between dwarf galaxies and globular clusters
becomes tenuous. Follow-up spectroscopy will ultimately determine the nature of this new satellite,
whose spatial location hints at a possible connection with the complex Triangulum-Andromeda stellar
structures.
Subject headings: Local Group — Milky Way, satellites, streams: individual: Laevens 2/Triangulum II

1. INTRODUCTION

The last couple of decades saw the discovery of nu-
merous satellites in the Milky Way (MW) halo. While
the Sloan Digital Sky Survey (SDSS (York et al. 2000))
satellite discoveries have provided us with greater ob-
servational constraints in our backyard, especially to
understand the faint end of galaxy formation in the
preferred cosmological paradigm of ΛCDM (Belokurov
2013), they have also led to debates about the na-
ture of the faintest satellites (Gilmore et al. 2007). It
has become apparent that the previously clear distinc-
tion between the compact globular clusters (GCs) and
the brighter, more extended, and dark-matter domi-
nated dwarf galaxies (DGs), blurs out for faint systems
(Willman & Strader 2012). This is exemplified by the
discoveries of Willman 1 (Wil1; Willman et al. 2005) and
Segue 1 (Seg1; Belokurov et al. 2007), followed up by
those of Boötes II (BooII; Walsh et al. 2007), and Segue 2
(Seg2; Belokurov et al. 2009), all nearby satellites within
25–45 kpc, and just slightly larger than extended outer
halo GCs. At the same time, these systems are fainter
than most GCs and all the other DGs. Theoretical expec-
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tations show that these objects could well be the faintest
DGs and that tens or hundreds of DGs with these prop-
erties could populate the Milky Way halo (Tollerud et al.
2008; Hargis et al. 2014). As of yet, just two objects have
been found in the PS1 survey (Laevens et al. 2014), re-
inforcing the tension between theory and observations
(Klypin et al. 1999).Only the closest DGs would be de-
tected with current photometric surveys (Koposov et al.
2007; Walsh et al. 2009). Spectroscopic studies do show
that the faint systems found so far are dynamically hotter
than their mere stellar content would imply, hinting that
they are indeed DGs (Martin et al. 2007; Willman et al.
2011; Simon et al. 2011; Kirby et al. 2013). However, the
low velocity dispersion of these satellites (< 4 km s−1),
combined with the possibly large impact of binaries
(McConnachie & Côté 2010), the complexity of disentan-
gling member stars from foreground contaminants, and
the overall dimness of their member stars renders any
definite conclusion difficult.
Here, we present the discovery of another faint MW

satellite, Laevens 2/Triangulum II 9 , with very similar
photometric properties to Wil1, Seg1, BooII, and Seg2.
The new system was found in our ongoing effort to mine
the Pan-STARRS 1 (PS1) 3π survey for localized stel-
lar overdensities. This letter is structured as follows: in
section 2, we describe the PS1 survey along with the de-
tection method that led to the discovery. We continue
by discussing follow-up imaging obtained with the Large
Binocular Cameras in section 3. We discuss the nature
of the satellite and its implication in section 4. In the
final section, we summarize and conclude our results.
In this paper, magnitudes are dereddened using the

Schlegel et al. (1998) maps, adopting the extinction co-

9 In the absence of spectroscopic confirmation, we wish to remain
agnostic about the nature of this object and therefore propose a
double name. For future reference in this paper, we abbreviate to
Lae 2/Tri II.

ar
X

iv
:1

50
3.

06
21

6v
2 

 [a
st

ro
-p

h.
G

A
]  

2 
A

pr
 2

01
5

Draft version April 3, 2015
Preprint typeset using LATEX style emulateapj v. 5/2/11
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Blair C. Conn10, Eric F. Bell3, You-Hua Chu11,8, Maria-Rosa L. Cioni12,13,14, Thomas J. L. de Boer15, Carme
Gallart16,17, Shoko Jin18, Andrea Kunder13, Steven R. Majewski19, David Martinez-Delgado20, Antonela

Monachesi21, Matteo Monelli16,17, Lara Monteagudo16,17, Noelia E. D. Noël22, Edward W. Olszewski4, Guy S.
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ABSTRACT

We present the discovery of a new dwarf galaxy, Hydra II, found serendipitously within the data
from the ongoing Survey of the Magellanic Stellar History (SMASH) conducted with the Dark Energy
Camera on the Blanco 4m Telescope. The new satellite is compact (rh = 68 ± 11 pc) and faint
(MV = −4.8± 0.3), but well within the realm of dwarf galaxies. The stellar distribution of Hydra II
in the color-magnitude diagram is well-described by a metal-poor ([Fe/H] = −2.2) and old (13 Gyr)
isochrone and shows a distinct blue horizontal branch, some possible red clump stars, and faint stars
that are suggestive of blue stragglers. At a heliocentric distance of 134± 10 kpc, Hydra II is located
in a region of the Galactic halo that models have suggested may host material from the leading arm
of the Magellanic Stream. A comparison with N-body simulations hints that the new dwarf galaxy
could be or could have been a satellite of the Magellanic Clouds.
Subject headings: dwarf galaxy: individual: Hydra II — Local Group — Magellanic Clouds
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1. INTRODUCTION

Our view of the Milky Way satellite system has thor-
oughly changed over the last decade, thanks to system-
atic CCD surveys of large swathes of the sky. Explo-
rations of the Sloan Digital Sky Survey (SDSS) first
revealed that dwarf galaxies extend to a much fainter
regime than previously thought (e.g., Willman et al.
2005) and more than doubled the number of known
Milky Way dwarf galaxies from data mainly covering the
North Galactic Cap (e.g., Belokurov et al. 2007). Spec-
troscopic surveys (e.g., Muñoz et al. 2006; Martin et al.
2007; Simon & Geha 2007) confirm the dwarf galaxy na-
ture of these systems by demonstrating them to be kine-
matically hotter than implied solely by their baryonic
content — which can be as low as only a few hundred
solar luminosities (Martin et al. 2008).
More recently, a cohort of faint satellites, most of them

likely dwarf galaxies, was found within the first year
data from the Dark Energy Survey (Bechtol et al. 2015;
Koposov et al. 2015). Although these data only cover
1,800 deg2 of the southern Galactic cap to the north of
the Magellanic Clouds, they revealed 9 new stellar sys-
tems. The majority of these new systems have distances
that hint that they likely are, or were, associated with
the Clouds.
Within the ΛCDM cosmology, the Milky Way is ex-

pected to grow hierarchically by accreting groups of
smaller galaxies over time (e.g., Li & Helmi 2008) and
it is therefore not unexpected that the Large Magel-
lanic Cloud (LMC) would be in the process of shedding
its satellites in the Milky Way halo (D’Onghia & Lake
2008). In fact, comparisons with simulations show that
the majority of current Milky Way satellites, especially
the fainter ones, could have been accreted as satellites of
larger dwarf galaxies (Wetzel et al. 2015). These group
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ABSTRACT

We report the discovery of an ultra-faint Milky Way satellite galaxy in the constellation of Pegasus.
The concentration of stars was detected by applying our overdensity detection algorithm to the SDSS-
DR 10 and confirmed with deeper photometry from the Dark Energy Camera at the 4-m Blanco
telescope. Fitting model isochrones indicates that this object, Pegasus III, features an old and metal-
poor stellar population ([Fe/H]⇠ �2.1) at a heliocentric distance of 205 ± 20 kpc. The new stellar
system has an estimated half-light radius of rh = 110±6 pc and a total luminosity of MV ⇠ �4.1±0.5
that places it into the domain of dwarf galaxies on the size–luminosity plane. Pegasus III is spatially
close to the MW satellite Pisces II. It is possible that the two might be physically associated, similar
to the Leo IV and LeoV pair. Pegasus III is also well aligned with the Vast Polar Structure, which
suggests a possible physical association.
Subject headings: Local Group – Milky Way, satellites: individual: Pegasus III

1. INTRODUCTION

Following the Sloan Digital Sky Survey (York et al.
2000), more recent wide-field imaging surveys such as the
Stromlo Milky Way Satellite survey (Jerjen 2010), the
Dark Energy Survey (The Dark Energy Survey Collab-
oration 2005), the Pan-STARRS 3⇡ Survey (K. Cham-
bers et al., in preparation), and the Survey of the Magel-
lanic Stellar History (SMASH; PI D. Nidever) have been
revealing new Milky Way companions including satel-
lite galaxies (Koposov et al. 2015; Bechtol et al. 2015;
Laevens et al. 2015; Martin et al. 2015) and star clus-
ters (Belokurov et al. 2014; Laevens et al. 2014; Kim &
Jerjen 2015; Kim et al. 2015). The new Milky Way com-
panions, many of which are in the southern sky, share the
properties of previously discovered ultra-faint stellar sys-
tems, such as low luminosities (�8 . MV . �1.5) (Mar-
tin et al. 2008) and low metallicities [Fe/H]< �2 (Kirby
et al. 2008; Norris et al. 2010; Simon et al. 2011; Koch &
Rich 2014).
In this letter we report the detection of the new ultra-

faint Milky Way satellite Pegasus III found in SDSS Data
Release 10 and confirmed with deep DECam imaging
(Sections 2 & 3). Peg III appears to be located at a
heliocentric distance of ⇠ 205 kpc and have a half-light
radius of ⇠ 110 pc (Section 4). In the last section we dis-
cuss the possible origin of the new satellite galaxy and
conclude our results.

2. DISCOVERY

The SDSS is a photometric and spectroscopic survey
in the ugriz photometric bands to a depth of r ⇠ 22.5
magnitudes (York et al. 2000). Data Release 10 (DR10),
publicly available on the SDSS-III Web site1, covers
14, 555 deg2 mostly around the north Galactic pole (Ahn
et al. 2014).
The new object was first flagged by our detection algo-

rithm in the search for stellar overdensities over the exist-

dongwon.kim@anu.edu.au
1 http://www.sdss3.org/dr10/

ing SDSS catalog as described in Walsh et al. (2009) and
Kim & Jerjen (2015). Briefly, we used isochrone masks
based on the PARSEC stellar evolution models (Bres-
san et al. 2012) as a photometric filter to enhance the
presence of old and metal-poor stellar populations rela-
tive to the Milky Way foreground stars. We then binned
the R.A., DEC. positions of the filtered stars and con-
volved the density-map with a Gaussian kernel. Based
on the density-map, we calculate the signal to noise ra-
tios (S/Ns) of potential overdensities and measure their
significance by comparing their S/Ns to those of ran-
dom clusters in the residual background. Moving the
isochrone masks over a range of distance moduli (m�M)
between 16 and 22 magnitudes, this process is repeated
with di↵erent scales of bins and Gaussian kernels.
With this algorithm, we recovered all of the previously

known MW companions in the SDSS coverage and found
a few more promising candidates, one of which was re-
ported in Kim & Jerjen (2015). The new object was
detected with a significance of ⇠ 7� in the constellation
of Pegasus.

3. FOLLOW-UP OBSERVATIONS AND DATA REDUCTION

Deeper follow-up observations of the Peg III field were
conducted on during the night of 17th July 2014 using
the Dark Energy Camera (DECam) at the 4-m Blanco
Telescope located at Cerro Tololo Inter-American Ob-
servatory (CTIO) in Chile. DECam imager is equipped
with a focal plane array containing sixty-two 2k ⇥ 4k
CCD detectors with a wide field of view (3.0 square
degrees) and a pixel scale of 0.0027 (unbinned). Un-
der photometric conditions, we obtained 840 s expo-
sures in g and 1050 s in r band, divided over dithered
single exposures of 210 s. The average seeing dur-
ing the observing was 1.003 in the g and 1.001 in the r
band. The single exposure images were fully reduced
and stacked through the DECam community pipeline
(Valdes et al. 2014). We carried out weight-map com-
bination, source extraction and PSF photometry with
the use of WeightWatcher (Marmo & Bertin 2008)
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BEASTS OF THE SOUTHERN WILD. DISCOVERY OF A LARGE NUMBER OF ULTRA FAINT SATELLITES
IN THE VICINITY OF THE MAGELLANIC CLOUDS.
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ABSTRACT

We have used the publicly released Dark Energy Survey data to hunt for new satellites of the Milky
Way in the Southern hemisphere. Our search yielded a large number of promising candidates. In this
paper, we announce the discovery of 9 new unambiguous ultra-faint objects, whose authenticity can be
established with the DES data alone. Based on the morphological properties, three of the new satellites
are dwarf galaxies, one of which is located at the very outskirts of the Milky Way, at a distance of
380kpc. The remaining 6 objects have sizes and luminosities comparable to the Segue 1 satellite and
can not be classified straightforwardly without follow-up spectroscopic observations. The satellites
we have discovered cluster around the LMC and the SMC. We show that such spatial distribution
is unlikely under the assumption of isotropy, and, therefore, conclude that at least some of the new
satellites must have been associated with the Magellanic Clouds in the past.
Keywords: Galaxy: halo, galaxies: dwarf, globular clusters: general, galaxies: kinematics and dynam-

ics

1. INTRODUCTION

Currently, there are no strong theoretical predictions
as to the luminosity function and the spatial distribution
of the Galactic dwarf companions. In other words, to-
day’s semi-analytic models are so flexible they can easily
produce any number of Milky Way (MW) satellites: from
a few tens up to several thousands (e.g. Koposov et al.
2009). Similarly, a large range of spatial arrangements
is possible: from nearly isotropic to strongly planar (e.g.
Bahl & Baumgardt 2014). This is why to improve our
understanding of the physics of the Universal structure
formation on small-scales we look to observations. How-
ever, to date, only a third of the sky has been inspected.
The Sloan Digital Sky Survey (SDSS) has demonstrated
the power of deep wide-area imaging to fuel resolved stel-
lar populations studies of the Galactic halo. The analysis
of the SDSS data covering only 1/5 of celestial sphere has
more than doubled the number of the known Galactic
dwarf satellites (see e.g. Willman 2010; Belokurov 2013).
Recently, both PanSTARRS and VST ATLAS have ex-
panded the surveyed region significantly, but found little
of the wealth they came to seek (Laevens et al. 2014;
Belokurov et al. 2014).
The SDSS discoveries extended the dwarf galaxy

regime to extremely low luminosities and sizes. As a re-
sult of adding these new faint surface-brightness objects
(known as ultra-faint dwarfs, UFDs) to the panoply of
Milky Way companions, it has been revealed that there
appears to be a gap in the distribution of effective radii
between Globular Clusters and dwarfs which extends
across a large range of luminosities. In the absence of
a working definition of a galaxy, an ad hoc combination
of morphological, kinematic and chemical properties is
required to be classified as one. Therefore, some objects
that live dangerously close to the notional gap may risk
misclassification. These faintest of the UFDs are only

koposov@ast.cam.ac.uk,vasily@ast.cam.ac.uk

detectable with surveys like SDSS out to a small frac-
tion of the MW virial radius. As a result, their total
number in the Galaxy must be reconstructed under the
assumption of the shape of their galactocentric radial dis-
tribution. Given that only a handful of such objects are
known today, their radial profile is not observationally
constrained. However, if it is assumed that the faintest
of the UFDs are linked to the small-mass field dark mat-
ter (DM) sub-halos, their distribution can be gleaned
from Cosmological zoom-in simulations. This is an ex-
ample of so-called sub-halo abundance matching which
predicts that the bulk of the Galactic dwarf galaxy pop-
ulation is in objects with luminosities MV < −5. The
details of the semi-analytic calculations may vary but
the result remains most astounding: there ought to be
hundreds of galaxies with MV ∼ −1, if the faintest of the
UFDs occupy field DM sub-halos (see e.g. Tollerud et al.
2008; Bullock et al. 2010).
It is, however, possible that the smallest of the UFDs

may have been acquired via a different route. It has been
suggested that some of these objects may have been ac-
creted as part of a group (see e.g. Belokurov 2013). In
the case of the UFD Segue 2 for example, the group’s
central object appears to have been destroyed and can
now be detected only as tidal debris in the MW halo
(Belokurov et al. 2009; Deason et al. 2014). In this sce-
nario, the satellites of satellites survive (unlike their pre-
vious host) in the MW halo, but their spatial distribu-
tion should differ dramatically from that predicted for
the accreted field sub-halos. Not only the radial density
profile is modified, the satellites’ morphological proper-
ties might have been sculpted by the pre-processing (see
e.g. Wetzel et al. 2015). Thus, the total numbers of the
UFDs would be biased high if estimated through sim-
ple abundance matching calculation, while their spatial
anisotropy would be greatly under-estimated.
On the sky, the remaining uncharted territory lies be-

neath declination δ = −30◦ and is currently being ex-
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Fig. 4.— Stellar density and color-magnitude diagrams for DES J0335.6�5403. Top left : Spatial

distribution of stars with g < 24 mag that are within 0.1 mag of the isochrone displayed in the

lower panels. The field of view is 1.

�5 ⇥ 1.

�5 centered on the candidate and the stellar distribution

has been smoothed with a Gaussian kernel with standard deviation 0.

�027. Top center : Radial

distribution of stars with g � r < 1 mag and g < 24 mag. Top right : Spatial distribution of stars

with high membership probabilities within a 0.

�5 ⇥ 0.

�5 field of view. Small gray points indicate

stars with membership probability less than 5%. Bottom left : The color-magnitude distribution of

stars within 0.1 deg of the centroid are indicated with individual points. The density of the field

within a 1 deg annulus is represented by the background two-dimensional histogram in grayscale.

The red curve shows a representative isochrone for a stellar population with ⌧ = 13.5 Gyr and

Z = 0.0001 located at the best-fit distance modulus listed in the upper left panel. Bottom center :

Binned significance diagram representing the Poisson probability of detecting the observed number

of stars within the central 0.1 deg for each bin of the color-magnitude space given the local field

density. Bottom right : Color-magnitude distribution of high membership probability stars.

Membership probabilities will play an 
important role targeting spectroscopy
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numbers are wholly inadequate in reflecting the known com-
plexity of galaxy structures. It is standard practice to decompose
bright galaxies into components such as nucleus and envelope,
or a bulge, a disk (several disks?), and a halo. More recently,
however, a vast number of independent studies of galaxies in-
cluded in Table 3 have shown that a full description of their struc-
ture requires decomposition of their surface brightness profile
into multiple components (e.g., Irwin & Hatzidimitriou 1995;
Martı́nez-Delgado et al. 1999; Lee et al. 1999; Lee & Byun 1999;
Lee & Kim 2000; Vansevičius et al. 2004; McConnachie et al.
2007; Hidalgo et al. 2008, among many others). The addition
of spectroscopic data (see Section 5) adds new complexity to
the discussion as well, since dynamically distinct (e.g., Kleyna
et al. 2003, 2004) and chemo-dynamically distinct (e.g., Tolstoy
et al. 2004; Battaglia et al. 2006, 2008, 2011) populations of stars
have been shown to reside within individual dwarf galaxies that
do not necessarily always reveal themselves as features in the
global surface brightness profiles. Thus, not only are integrated
photometric properties such as rh and MV inadequate to de-
scribe the complex structures exhibited by many galaxies, but
so too are single velocity dispersion or rotation measurements
(Section 5; true for H i as well as stars; e.g., Lo et al. 1993;
Young & Lo 1996, 1997a, 1997b; Young et al. 2003).

Figures 6 and 7 show basic scaling relations using the galaxy
parameters given in Table 3, first studied in detail in Kormendy
(1985). In Figure 6, I plot absolute magnitude against half-light
radius. Here, I have converted the half-light radius given in
Table 3 to the geometric mean half-light radius of the major
and minor axes (r = √

rarb, where ra and rb are radii measured
on the major and minor axes, respectively) to account for the
presence of highly elliptical systems. The top panel includes as
small dots the location of the Galactic globular clusters, from
the data compiled by Harris (1996), and the dashed line shows
the direction defined by points of constant surface brightness
(averaged within the half-light radius). I have labeled obvious
outlying points, and I have also labeled some of the least
luminous (candidate) dwarf galaxies. The lower panel shows
an expansion of the region −17 � MV � −7.

The observed relationship between absolute magnitude and
half-light radius shown in the top panel of Figure 6 spans
a factor of one million in luminosity. The galaxies seem
well separated from the (Galactic) globular clusters in this
two-dimensional projection, although the limited number of
low-luminosity galaxies (and the fact that all of them are
MW satellites) complicates interpretation of this region of the
diagram. When MV and rh are considered separately, the one-
dimensional distributions do overlap, such that the smallest,
least luminous (candidate) dwarf galaxies are as faint as any
known globular clusters and smaller than the most extended
clusters. The distinction between these stellar systems in this
parameter space becomes less clear when other types of compact
stellar systems, such as ultracompact dwarfs and the nuclei of
early-type galaxies, are included (e.g., see Figures 5 and 8 of
Brodie et al. 2011).

Three galaxies are clear outliers in the top panel of Figure 6:
Andromeda XIX is extremely extended for its luminosity (see
also Figure 7), whereas the compact elliptical M32 is a known
outlier in this projection due to its extreme concentration
(see also Kormendy & Bender 2012, and references therein).
Interestingly, the recently identified Local Group galaxy UGC
4879 (Kopylov et al. 2008) tends to the same side of the relation
as M32, although not as extreme. Bellazzini et al. (2011) note
that UGC 4879 has an unusual structure, insofar as there appear

Figure 6. Top panel: the absolute visual magnitude vs. half-light radius
(geometric mean of the major and minor axes) for the galaxy sample (where
the symbols and color-coding identify Galactic, M31, Local Group, and nearby
galaxies, as explained in the key). Also indicated as small black dots are the
location of the Galactic globular clusters, using the data compiled by Harris
(1996). Obvious outliers to the overall trend displayed by the galaxies are
highlighted by name, as are some of the least luminous (candidate) dwarf
galaxies. The dashed line indicates the direction defined by points of constant
surface brightness (averaged within the half-light radius). Bottom panel: same
parameters as top panel showing an enlargement around −17 � MV � −7.
(A color version of this figure is available in the online journal.)

to be two flattened wings emanating from the central spheroid
of stars, perhaps indicating the presence of a disk. More work
is needed to determine the significance of the structure of UGC
4879 and its position in this diagram.

The lower panel of Figure 6 enlarges the region −17 �
MV � −7 to demonstrate the very large scatter that exists
in this regime (see below for discussion of the fainter systems).
McConnachie & Irwin (2006) originally pointed out that, at
a given luminosity, the M31 dwarf satellites were generally
larger than the MW population. With a large number of new
discoveries since this time, Brasseur et al. (2011a) demonstrate
that the mean relations of the M31 and MW populations are
statistically consistent with each other3. The limited number of
points contributing to the relations for these different sub-groups

3 Note added in Proof: See also the recent study by Tollerud et al. (2012).
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Figure 4: Best-fit half-light radius
(rh) and absolute magnitude (MV )
of DES J0335.7�5403 in comparison to
other known satellite galaxies and glob-
ular clusters. Both physical size
and absolute magnitude suggest that
DES J0335.7�5403 is a new Milky Way
satellite galaxy. (Adapted from Mc-
Connachie 2012.)

satellite galaxy yet to be discovered in current or near-future optical surveys.

Management and Budget

PIs Bechtol and Drlica-Wagner are both active members of the DES Collaboration leading
the search for Milky Way satellite galaxies. Both have more than six years of experience an-
alyzing LAT data, including lead roles in gamma-ray searches for satellite galaxies (Bechtol,
2012; Drlica-Wagner, 2013). We are collaborating with optical spectroscopy experts Josh Si-
mon and Marla Geha who have extensive access to spectroscopic instruments. The proposed
research directly addresses NASA’s strategic goal to: “Probe the origin and destiny of our
universe, including the nature of black holes, dark energy, dark matter and gravity.”

Funds from the Fermi GI program will be used to: (1) support travel to perform spectro-
scopic observations (⇠ $10k), (2) support travel to collaborate with other LAT data analysis
experts (⇠ $10k), (3) partially support a graduate student to study the DM content of new
satellite galaxies (⇠ $34k), (4) support page charges for publications (⇠ $6k), (5) support
travel to present results at major scientific conferences (⇠ $10k). This project will also
provide summer undergraduate research opportunities. The total requested funds are $70k
spread over a two-year regular proposal (encompassing the first two years of DES observing).
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Reticulum II: 
Newest Dwarf Galaxy?

• Satellite galaxies tend to be more spatially extended and have a stronger 
correlation between size and luminosity. 

• Satellite galaxies also tend to be more elliptical.  
• Reticulum II is consistent with the population of satellite galaxies. 
• Spectroscopy necessary to definitively distinguish satellite galaxies from 

globular clusters…
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The left panel of Figure 7 shows the distribution of MW
satellites in theMV -! plane. As was already reported by van den
Bergh (2008) using the previous, rounder ellipticity estimates,
GCs and dwarf galaxies populate different regions of the plot (a
Kolmogorov-Smirnov [KS] test actually yields a probability of
0% that both data sets follow the same ellipticity probability
distribution). Such a drastic difference is probably related to the
formation mechanism of the objects in the two samples and/or to
the presence of a dark matter halo around dwarf galaxies whereas
GCs are not believed to contain any dark matter. As for the dwarf
galaxies, they appear to become more flattened as they become
fainter. When dividing the total sample of dwarf galaxies at a
MV ¼ "7:5 threshold,13 more than a third of the faint systems
(4 out of 11) have ellipticities that are higher than 0.5. On the
other hand, this is the case for only a single bright satellite (UMi;
or 2 if one counts Sgr). Furthermore, three of these highly flat-
tened faint systems (Her, UMa I, UMa II) are reasonably well
populated systems in the SDSS (N# ¼ 128, 70, and 296 stars,
respectively) and with only small uncertainties on !.

To quantify this difference in the ellipticity, the right panel of
Figure 7 presents the probability distribution functions of the
faint (solid line) and bright subsamples (dashed line). The arrows
correspond to the mean of the two distributions, which are sig-
nificantly different (a 4 " difference): ! ¼ 0:32 $ 0:02 and ! ¼
0:47 $ 0:03, respectively (the uncertainties are determined from
a Monte Carlo resampling of the subsamples, redrawing the in-
dividual ! values following the uncertainties of Table 1). A K-S
test also yields a very low probability (0.4%) that the two sub-
samples are derived from the same underlying distribution. The
scatter of the PDFs is, however, difficult to constrain, as it results
from two effects: from the larger uncertainties of faint systems,

especially the rounder ones (! < 0:5), but also from the presence
of objects whose uncertainties span a large range in ellipticities.
In contrast, the majority of bright satellites are clustered in the
range ! ¼ 0:25Y0:35 (Car, Dra, For, Scu, Sex, Leo T).

5.1. Why Are the Faintest Satellites More Flattened?

Several possible explanations for these flat dwarf galaxies have
already been laid out in Coleman et al. (2007) for the case of
Her, but are worth recalling and developing in a broader per-
spective here.

5.1.1. Could the Faintest Satellites be Flattened by Rotation?

Current spectroscopic surveys, although usually targeting only
a few tens of stars in each satellite, show no obvious sign of
rotation. Even if the systems were rotationally supported, they
would be approximately oblate. As we can assume we are seeing
them at random viewing angles, their intrinsic flattening would
be much more than !h i ¼ 0:47 $ 0:03. In that case, they would
have implausibly flat shapes and implausibly low intrinsic ve-
locity dispersions, given their already lowmeasured velocity dis-
persions, in the range 4Y12 km s"1 (Kleyna et al. 2005; Muñoz
et al. 2006; Martin et al. 2007; Simon & Geha 2007).

5.1.2. Could the Stars in the Faintest Satellites Trace the Shape
of More Elongated Dark Matter Halos?

It has been shown that dissipative gas infall during galaxy for-
mation can induce changes in the shape of dark matter (DM)
halos and make them rounder than in the absence of any baryons
(see e.g., Dubinski 1994; Kazantzidis et al. 2004; Macciò et al.
2007). The lower baryon/star content of the recently discovered
MWsatellites (Kleyna et al. 2005;Muñoz et al. 2006;Martin et al.
2007; Simon & Geha 2007) would permit the dark matter halo to
remain triaxial, often nearly prolate, for these systems. If starswere
to trace the DM potential, they would appear more elongated in
the faintest systems.
Kuhlen et al. (2007) have studied the shape of the DM sub-

halos in the Via Lactea simulation of a Milky Way size !CDM
halo. They follow subhalos down to a mass of 108 M%, not much
higher than those of the faintMWdwarf galaxies studied here, and
find them to have a more elliptical shape in their central regions.
This could provide an alternate explanation for the shape of the
faintest satellites, which are also the smallest (because the larger
ones cannot be found in the SDSS; Koposov et al. 2008): stars
probe a smaller region of the subhalo, and therefore trace out a less
spherical potential. This latter argument cannot, however, explain
the shape of the three satellites with the highest ! (Her, UMa I,
and UMa II), as they are all large satellites with rh > 140 pc.
The main issue with this scenario is the assumption of stars

distributing themselves in the DM subhalo so as to follow the
shape of the underlyingmass potential, for which no cogent mech-
anism exists.

5.1.3. Could the Elongation be the Sign of Tidal Distortion?

The best example of tidally induced elongation in the Local
Group is given by the Sagittarius dwarf, which is clearly being
disrupted by the Milky Way, as it leaves behind stellar streams
wrapped around the Galaxy (Ibata et al. 2001; Majewski et al.
2003). This results in an ellipticity of &0.65 for the (already
disrupting) main body of the dwarf (Majewski et al. 2003), close
to the values that we have measured for Her, UMa II, and, to a
lesser extent UMa I. The absence of any direct evidence of stellar
streams originating from the faint dwarf galaxies could easily
be explained by their faintness, which implies that, if they exist,
such features should be very sparsely populated. UMa II has

Fig. 7.—Evolution of the ellipticity of MW satellites as a function of their ab-
solute magnitude (left panel ). Globular clusters are this time shown as small open
circles to avoid cluttering the plot, while the symbols for dwarf galaxies are the
same as in Fig. 6. Error bars correspond to the uncertainties listed in Table 1 or in
Mateo (1998) for the brighter galaxies. Dividing the complete sample at MV ¼
"7:5 (dotted line) leads to the probability distribution function (PDF) of the faint
subsample, represented by a solid line in the right panel, that extends to higher !
values than that of bright galaxies (dashed line). The mean of the PDF of faint
and bright systems are represented by the thick and thin arrows, respectively.

13 This somewhat arbitrary threshold was used because it divides the complete
MWdwarf galaxy sample in two subsamples of similar sizes (10 and 11members).
This subsampling, which we do not claim to be physical in any way, also separates
galaxies without any clear evidence of complex stellar populations from those
which do, like Leo T (Irwin et al. 2007; de Jong et al. 2008b) and CVn I (Martin
et al. 2008).
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The left panel of Figure 7 shows the distribution of MW
satellites in theMV -! plane. As was already reported by van den
Bergh (2008) using the previous, rounder ellipticity estimates,
GCs and dwarf galaxies populate different regions of the plot (a
Kolmogorov-Smirnov [KS] test actually yields a probability of
0% that both data sets follow the same ellipticity probability
distribution). Such a drastic difference is probably related to the
formation mechanism of the objects in the two samples and/or to
the presence of a dark matter halo around dwarf galaxies whereas
GCs are not believed to contain any dark matter. As for the dwarf
galaxies, they appear to become more flattened as they become
fainter. When dividing the total sample of dwarf galaxies at a
MV ¼ "7:5 threshold,13 more than a third of the faint systems
(4 out of 11) have ellipticities that are higher than 0.5. On the
other hand, this is the case for only a single bright satellite (UMi;
or 2 if one counts Sgr). Furthermore, three of these highly flat-
tened faint systems (Her, UMa I, UMa II) are reasonably well
populated systems in the SDSS (N# ¼ 128, 70, and 296 stars,
respectively) and with only small uncertainties on !.

To quantify this difference in the ellipticity, the right panel of
Figure 7 presents the probability distribution functions of the
faint (solid line) and bright subsamples (dashed line). The arrows
correspond to the mean of the two distributions, which are sig-
nificantly different (a 4 " difference): ! ¼ 0:32 $ 0:02 and ! ¼
0:47 $ 0:03, respectively (the uncertainties are determined from
a Monte Carlo resampling of the subsamples, redrawing the in-
dividual ! values following the uncertainties of Table 1). A K-S
test also yields a very low probability (0.4%) that the two sub-
samples are derived from the same underlying distribution. The
scatter of the PDFs is, however, difficult to constrain, as it results
from two effects: from the larger uncertainties of faint systems,

especially the rounder ones (! < 0:5), but also from the presence
of objects whose uncertainties span a large range in ellipticities.
In contrast, the majority of bright satellites are clustered in the
range ! ¼ 0:25Y0:35 (Car, Dra, For, Scu, Sex, Leo T).

5.1. Why Are the Faintest Satellites More Flattened?

Several possible explanations for these flat dwarf galaxies have
already been laid out in Coleman et al. (2007) for the case of
Her, but are worth recalling and developing in a broader per-
spective here.

5.1.1. Could the Faintest Satellites be Flattened by Rotation?

Current spectroscopic surveys, although usually targeting only
a few tens of stars in each satellite, show no obvious sign of
rotation. Even if the systems were rotationally supported, they
would be approximately oblate. As we can assume we are seeing
them at random viewing angles, their intrinsic flattening would
be much more than !h i ¼ 0:47 $ 0:03. In that case, they would
have implausibly flat shapes and implausibly low intrinsic ve-
locity dispersions, given their already lowmeasured velocity dis-
persions, in the range 4Y12 km s"1 (Kleyna et al. 2005; Muñoz
et al. 2006; Martin et al. 2007; Simon & Geha 2007).

5.1.2. Could the Stars in the Faintest Satellites Trace the Shape
of More Elongated Dark Matter Halos?

It has been shown that dissipative gas infall during galaxy for-
mation can induce changes in the shape of dark matter (DM)
halos and make them rounder than in the absence of any baryons
(see e.g., Dubinski 1994; Kazantzidis et al. 2004; Macciò et al.
2007). The lower baryon/star content of the recently discovered
MWsatellites (Kleyna et al. 2005;Muñoz et al. 2006;Martin et al.
2007; Simon & Geha 2007) would permit the dark matter halo to
remain triaxial, often nearly prolate, for these systems. If starswere
to trace the DM potential, they would appear more elongated in
the faintest systems.
Kuhlen et al. (2007) have studied the shape of the DM sub-

halos in the Via Lactea simulation of a Milky Way size !CDM
halo. They follow subhalos down to a mass of 108 M%, not much
higher than those of the faintMWdwarf galaxies studied here, and
find them to have a more elliptical shape in their central regions.
This could provide an alternate explanation for the shape of the
faintest satellites, which are also the smallest (because the larger
ones cannot be found in the SDSS; Koposov et al. 2008): stars
probe a smaller region of the subhalo, and therefore trace out a less
spherical potential. This latter argument cannot, however, explain
the shape of the three satellites with the highest ! (Her, UMa I,
and UMa II), as they are all large satellites with rh > 140 pc.
The main issue with this scenario is the assumption of stars

distributing themselves in the DM subhalo so as to follow the
shape of the underlyingmass potential, for which no cogent mech-
anism exists.

5.1.3. Could the Elongation be the Sign of Tidal Distortion?

The best example of tidally induced elongation in the Local
Group is given by the Sagittarius dwarf, which is clearly being
disrupted by the Milky Way, as it leaves behind stellar streams
wrapped around the Galaxy (Ibata et al. 2001; Majewski et al.
2003). This results in an ellipticity of &0.65 for the (already
disrupting) main body of the dwarf (Majewski et al. 2003), close
to the values that we have measured for Her, UMa II, and, to a
lesser extent UMa I. The absence of any direct evidence of stellar
streams originating from the faint dwarf galaxies could easily
be explained by their faintness, which implies that, if they exist,
such features should be very sparsely populated. UMa II has

Fig. 7.—Evolution of the ellipticity of MW satellites as a function of their ab-
solute magnitude (left panel ). Globular clusters are this time shown as small open
circles to avoid cluttering the plot, while the symbols for dwarf galaxies are the
same as in Fig. 6. Error bars correspond to the uncertainties listed in Table 1 or in
Mateo (1998) for the brighter galaxies. Dividing the complete sample at MV ¼
"7:5 (dotted line) leads to the probability distribution function (PDF) of the faint
subsample, represented by a solid line in the right panel, that extends to higher !
values than that of bright galaxies (dashed line). The mean of the PDF of faint
and bright systems are represented by the thick and thin arrows, respectively.

13 This somewhat arbitrary threshold was used because it divides the complete
MWdwarf galaxy sample in two subsamples of similar sizes (10 and 11members).
This subsampling, which we do not claim to be physical in any way, also separates
galaxies without any clear evidence of complex stellar populations from those
which do, like Leo T (Irwin et al. 2007; de Jong et al. 2008b) and CVn I (Martin
et al. 2008).
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The left panel of Figure 7 shows the distribution of MW
satellites in theMV -! plane. As was already reported by van den
Bergh (2008) using the previous, rounder ellipticity estimates,
GCs and dwarf galaxies populate different regions of the plot (a
Kolmogorov-Smirnov [KS] test actually yields a probability of
0% that both data sets follow the same ellipticity probability
distribution). Such a drastic difference is probably related to the
formation mechanism of the objects in the two samples and/or to
the presence of a dark matter halo around dwarf galaxies whereas
GCs are not believed to contain any dark matter. As for the dwarf
galaxies, they appear to become more flattened as they become
fainter. When dividing the total sample of dwarf galaxies at a
MV ¼ "7:5 threshold,13 more than a third of the faint systems
(4 out of 11) have ellipticities that are higher than 0.5. On the
other hand, this is the case for only a single bright satellite (UMi;
or 2 if one counts Sgr). Furthermore, three of these highly flat-
tened faint systems (Her, UMa I, UMa II) are reasonably well
populated systems in the SDSS (N# ¼ 128, 70, and 296 stars,
respectively) and with only small uncertainties on !.

To quantify this difference in the ellipticity, the right panel of
Figure 7 presents the probability distribution functions of the
faint (solid line) and bright subsamples (dashed line). The arrows
correspond to the mean of the two distributions, which are sig-
nificantly different (a 4 " difference): ! ¼ 0:32 $ 0:02 and ! ¼
0:47 $ 0:03, respectively (the uncertainties are determined from
a Monte Carlo resampling of the subsamples, redrawing the in-
dividual ! values following the uncertainties of Table 1). A K-S
test also yields a very low probability (0.4%) that the two sub-
samples are derived from the same underlying distribution. The
scatter of the PDFs is, however, difficult to constrain, as it results
from two effects: from the larger uncertainties of faint systems,

especially the rounder ones (! < 0:5), but also from the presence
of objects whose uncertainties span a large range in ellipticities.
In contrast, the majority of bright satellites are clustered in the
range ! ¼ 0:25Y0:35 (Car, Dra, For, Scu, Sex, Leo T).

5.1. Why Are the Faintest Satellites More Flattened?

Several possible explanations for these flat dwarf galaxies have
already been laid out in Coleman et al. (2007) for the case of
Her, but are worth recalling and developing in a broader per-
spective here.

5.1.1. Could the Faintest Satellites be Flattened by Rotation?

Current spectroscopic surveys, although usually targeting only
a few tens of stars in each satellite, show no obvious sign of
rotation. Even if the systems were rotationally supported, they
would be approximately oblate. As we can assume we are seeing
them at random viewing angles, their intrinsic flattening would
be much more than !h i ¼ 0:47 $ 0:03. In that case, they would
have implausibly flat shapes and implausibly low intrinsic ve-
locity dispersions, given their already lowmeasured velocity dis-
persions, in the range 4Y12 km s"1 (Kleyna et al. 2005; Muñoz
et al. 2006; Martin et al. 2007; Simon & Geha 2007).

5.1.2. Could the Stars in the Faintest Satellites Trace the Shape
of More Elongated Dark Matter Halos?

It has been shown that dissipative gas infall during galaxy for-
mation can induce changes in the shape of dark matter (DM)
halos and make them rounder than in the absence of any baryons
(see e.g., Dubinski 1994; Kazantzidis et al. 2004; Macciò et al.
2007). The lower baryon/star content of the recently discovered
MWsatellites (Kleyna et al. 2005;Muñoz et al. 2006;Martin et al.
2007; Simon & Geha 2007) would permit the dark matter halo to
remain triaxial, often nearly prolate, for these systems. If starswere
to trace the DM potential, they would appear more elongated in
the faintest systems.
Kuhlen et al. (2007) have studied the shape of the DM sub-

halos in the Via Lactea simulation of a Milky Way size !CDM
halo. They follow subhalos down to a mass of 108 M%, not much
higher than those of the faintMWdwarf galaxies studied here, and
find them to have a more elliptical shape in their central regions.
This could provide an alternate explanation for the shape of the
faintest satellites, which are also the smallest (because the larger
ones cannot be found in the SDSS; Koposov et al. 2008): stars
probe a smaller region of the subhalo, and therefore trace out a less
spherical potential. This latter argument cannot, however, explain
the shape of the three satellites with the highest ! (Her, UMa I,
and UMa II), as they are all large satellites with rh > 140 pc.
The main issue with this scenario is the assumption of stars

distributing themselves in the DM subhalo so as to follow the
shape of the underlyingmass potential, for which no cogent mech-
anism exists.

5.1.3. Could the Elongation be the Sign of Tidal Distortion?

The best example of tidally induced elongation in the Local
Group is given by the Sagittarius dwarf, which is clearly being
disrupted by the Milky Way, as it leaves behind stellar streams
wrapped around the Galaxy (Ibata et al. 2001; Majewski et al.
2003). This results in an ellipticity of &0.65 for the (already
disrupting) main body of the dwarf (Majewski et al. 2003), close
to the values that we have measured for Her, UMa II, and, to a
lesser extent UMa I. The absence of any direct evidence of stellar
streams originating from the faint dwarf galaxies could easily
be explained by their faintness, which implies that, if they exist,
such features should be very sparsely populated. UMa II has

Fig. 7.—Evolution of the ellipticity of MW satellites as a function of their ab-
solute magnitude (left panel ). Globular clusters are this time shown as small open
circles to avoid cluttering the plot, while the symbols for dwarf galaxies are the
same as in Fig. 6. Error bars correspond to the uncertainties listed in Table 1 or in
Mateo (1998) for the brighter galaxies. Dividing the complete sample at MV ¼
"7:5 (dotted line) leads to the probability distribution function (PDF) of the faint
subsample, represented by a solid line in the right panel, that extends to higher !
values than that of bright galaxies (dashed line). The mean of the PDF of faint
and bright systems are represented by the thick and thin arrows, respectively.

13 This somewhat arbitrary threshold was used because it divides the complete
MWdwarf galaxy sample in two subsamples of similar sizes (10 and 11members).
This subsampling, which we do not claim to be physical in any way, also separates
galaxies without any clear evidence of complex stellar populations from those
which do, like Leo T (Irwin et al. 2007; de Jong et al. 2008b) and CVn I (Martin
et al. 2008).
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The left panel of Figure 7 shows the distribution of MW
satellites in theMV -! plane. As was already reported by van den
Bergh (2008) using the previous, rounder ellipticity estimates,
GCs and dwarf galaxies populate different regions of the plot (a
Kolmogorov-Smirnov [KS] test actually yields a probability of
0% that both data sets follow the same ellipticity probability
distribution). Such a drastic difference is probably related to the
formation mechanism of the objects in the two samples and/or to
the presence of a dark matter halo around dwarf galaxies whereas
GCs are not believed to contain any dark matter. As for the dwarf
galaxies, they appear to become more flattened as they become
fainter. When dividing the total sample of dwarf galaxies at a
MV ¼ "7:5 threshold,13 more than a third of the faint systems
(4 out of 11) have ellipticities that are higher than 0.5. On the
other hand, this is the case for only a single bright satellite (UMi;
or 2 if one counts Sgr). Furthermore, three of these highly flat-
tened faint systems (Her, UMa I, UMa II) are reasonably well
populated systems in the SDSS (N# ¼ 128, 70, and 296 stars,
respectively) and with only small uncertainties on !.

To quantify this difference in the ellipticity, the right panel of
Figure 7 presents the probability distribution functions of the
faint (solid line) and bright subsamples (dashed line). The arrows
correspond to the mean of the two distributions, which are sig-
nificantly different (a 4 " difference): ! ¼ 0:32 $ 0:02 and ! ¼
0:47 $ 0:03, respectively (the uncertainties are determined from
a Monte Carlo resampling of the subsamples, redrawing the in-
dividual ! values following the uncertainties of Table 1). A K-S
test also yields a very low probability (0.4%) that the two sub-
samples are derived from the same underlying distribution. The
scatter of the PDFs is, however, difficult to constrain, as it results
from two effects: from the larger uncertainties of faint systems,

especially the rounder ones (! < 0:5), but also from the presence
of objects whose uncertainties span a large range in ellipticities.
In contrast, the majority of bright satellites are clustered in the
range ! ¼ 0:25Y0:35 (Car, Dra, For, Scu, Sex, Leo T).

5.1. Why Are the Faintest Satellites More Flattened?

Several possible explanations for these flat dwarf galaxies have
already been laid out in Coleman et al. (2007) for the case of
Her, but are worth recalling and developing in a broader per-
spective here.

5.1.1. Could the Faintest Satellites be Flattened by Rotation?

Current spectroscopic surveys, although usually targeting only
a few tens of stars in each satellite, show no obvious sign of
rotation. Even if the systems were rotationally supported, they
would be approximately oblate. As we can assume we are seeing
them at random viewing angles, their intrinsic flattening would
be much more than !h i ¼ 0:47 $ 0:03. In that case, they would
have implausibly flat shapes and implausibly low intrinsic ve-
locity dispersions, given their already lowmeasured velocity dis-
persions, in the range 4Y12 km s"1 (Kleyna et al. 2005; Muñoz
et al. 2006; Martin et al. 2007; Simon & Geha 2007).

5.1.2. Could the Stars in the Faintest Satellites Trace the Shape
of More Elongated Dark Matter Halos?

It has been shown that dissipative gas infall during galaxy for-
mation can induce changes in the shape of dark matter (DM)
halos and make them rounder than in the absence of any baryons
(see e.g., Dubinski 1994; Kazantzidis et al. 2004; Macciò et al.
2007). The lower baryon/star content of the recently discovered
MWsatellites (Kleyna et al. 2005;Muñoz et al. 2006;Martin et al.
2007; Simon & Geha 2007) would permit the dark matter halo to
remain triaxial, often nearly prolate, for these systems. If starswere
to trace the DM potential, they would appear more elongated in
the faintest systems.
Kuhlen et al. (2007) have studied the shape of the DM sub-

halos in the Via Lactea simulation of a Milky Way size !CDM
halo. They follow subhalos down to a mass of 108 M%, not much
higher than those of the faintMWdwarf galaxies studied here, and
find them to have a more elliptical shape in their central regions.
This could provide an alternate explanation for the shape of the
faintest satellites, which are also the smallest (because the larger
ones cannot be found in the SDSS; Koposov et al. 2008): stars
probe a smaller region of the subhalo, and therefore trace out a less
spherical potential. This latter argument cannot, however, explain
the shape of the three satellites with the highest ! (Her, UMa I,
and UMa II), as they are all large satellites with rh > 140 pc.
The main issue with this scenario is the assumption of stars

distributing themselves in the DM subhalo so as to follow the
shape of the underlyingmass potential, for which no cogent mech-
anism exists.

5.1.3. Could the Elongation be the Sign of Tidal Distortion?

The best example of tidally induced elongation in the Local
Group is given by the Sagittarius dwarf, which is clearly being
disrupted by the Milky Way, as it leaves behind stellar streams
wrapped around the Galaxy (Ibata et al. 2001; Majewski et al.
2003). This results in an ellipticity of &0.65 for the (already
disrupting) main body of the dwarf (Majewski et al. 2003), close
to the values that we have measured for Her, UMa II, and, to a
lesser extent UMa I. The absence of any direct evidence of stellar
streams originating from the faint dwarf galaxies could easily
be explained by their faintness, which implies that, if they exist,
such features should be very sparsely populated. UMa II has

Fig. 7.—Evolution of the ellipticity of MW satellites as a function of their ab-
solute magnitude (left panel ). Globular clusters are this time shown as small open
circles to avoid cluttering the plot, while the symbols for dwarf galaxies are the
same as in Fig. 6. Error bars correspond to the uncertainties listed in Table 1 or in
Mateo (1998) for the brighter galaxies. Dividing the complete sample at MV ¼
"7:5 (dotted line) leads to the probability distribution function (PDF) of the faint
subsample, represented by a solid line in the right panel, that extends to higher !
values than that of bright galaxies (dashed line). The mean of the PDF of faint
and bright systems are represented by the thick and thin arrows, respectively.

13 This somewhat arbitrary threshold was used because it divides the complete
MWdwarf galaxy sample in two subsamples of similar sizes (10 and 11members).
This subsampling, which we do not claim to be physical in any way, also separates
galaxies without any clear evidence of complex stellar populations from those
which do, like Leo T (Irwin et al. 2007; de Jong et al. 2008b) and CVn I (Martin
et al. 2008).
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Figure 5. (Left) Magellan/M2FS spectra in the Mg b triplet region for three Ret II member stars covering a range of line strengths.
From top to bottom, the stars are DES J033556.28�540316.3, DES J033454.24540558.0, and DES J033457.57540531.4. These stars span
only 0.1 mag in luminosity and 0.08 mag in g � r color, so their e↵ective temperatures and surface gravities should be very similar. Any
di↵erences in line strength therefore translate directly into chemical abundance di↵erences. The apparent emission features near 5182 Å in
the spectrum of DES J033454.24540558.0 are contamination by the Littrow ghost (Burgh et al. 2007). (Right) VLT/GIRAFFE spectra of
the bluer two CaT lines for the same stars.

SMC stars. If they are at the distance of the SMC, they
are at projected separations of 27 kpc, indicating that
they have likely been tidally stripped. The higher veloc-
ity stars have very similar velocities to the Magellanic
Stream gas a few degrees away from Ret II, and could
therefore represent the stellar counterpart of the Stream.

4.5. J-Factor

It is posited that dark matter particles could self-
annihilate to produce gamma rays (e.g., Gunn et al. 1978;
Bergström & Snellman 1988; Baltz et al. 2008). The
large dark matter content, relative proximity, and low
astrophysical foregrounds of dwarf galaxies make them
promising targets for the detection of these gamma rays.
The predicted signal from the annihilation of dark mat-
ter particles is proportional to the line-of-sight integral
through the square of the dark matter density (e.g., Baltz
et al. 2008),

J(�⌦) =

Z

�⌦

Z

l.o.s.
⇢

2
DM(r) ds d⌦0

. (2)

Here, ⇢DM(r) is the dark matter particle density, and the
integral is performed over a solid angle �⌦. The J-factor
is derived by modeling the velocities using the spheri-
cal Jeans equation, with assumptions on the theoretical
priors for the parameters that describe the dark matter
halo (e.g., Strigari et al. 2008; Essig et al. 2009; Charbon-
nier et al. 2011; Martinez 2013; Geringer-Sameth et al.
2015a). Here, we model the dark matter halo as a gen-
eralized Navarro-Frenk-White (NFW) profile (Navarro
et al. 1997), and we use flat, ‘uninformative’ priors
on the dark matter halo parameters (see Essig et al.
2009). Using this procedure, we find an integrated J-
factor for Ret II of log10(J) = 18.8 ± 0.6GeV2 cm�5

within an angular cone of radius 0.2�, and log10(J) =
18.9 ± 0.6GeV2 cm�5 within 0.5�. This latter value as-
sumes that the dark matter halo extends beyond the ra-
dius of the outermost spectroscopically confirmed star,
but truncates within the estimated tidal radius for the
dark matter halo. The quoted uncertainties are 1�, and
are estimated by modeling the posterior probability den-
sity function of log10(J) as a Gaussian. Note that the
uncertainty obtained by modeling this individual system
is larger than is obtained by modeling the entire popula-
tion of dSphs (Martinez 2013).
Several previously known ultra-faint dwarf galaxies

possess larger mean J-factors than Ret II, most notably
Segue 1, Ursa Major II, and Coma Berenices (Acker-
mann et al. 2014; Geringer-Sameth et al. 2015a; Conrad
et al. 2015). Though the velocity dispersions of Ret II
and Segue 1 are consistent within uncertainties, Ret II
is more distant (32 kpc compared to 23 kpc) and has a
larger half-light radius as measured along the major axis
(55 pc compared to 29 pc). The larger distance and larger
half-light radius imply a reduced mean J-factor relative
to Segue 1. In comparison to Ursa Major II, Ret II is
at a similar distance, but has a velocity dispersion that
is smaller by roughly a factor of two. The larger dis-
persion, and hence mass, accounts for the larger J-factor
of Ursa Major II. Coma Berenices is more distant than
Ret II (44 kpc compared to 32 kpc); however, the larger
velocity dispersion of Coma Berenices implies a slightly
larger mean J-factor.
Since Segue 1, Ursa Major II, and Coma Berenices

all possess larger J-factors than Ret II, we expect dark
matter annihilation to produce a larger gamma-ray flux
from these objects. However, no gamma-ray excess has
been associated with any of the previously known dwarf
galaxies (Ackermann et al. 2015). Given comparable

Magellan/M2FS VLT/GIRAFFE

Simon et al. 2015 (DES Collaboration)
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• Velocity peak indicative of a gravitationally bound object 
• Dynamical mass calculated from the width of the 

velocity dispersion (width of the velocity peak) 
• Metallicity spread also indicative of deep gravitational 

potential 
• Every measured characteristic of Reticulum II is 

consistent with the known population of dwarf galaxies
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Figure 1. (a) DES color-magnitude diagram of Reticulum II. Stars within 14.650 of the center of Ret II are plotted as small black dots,
and stars selected for spectroscopy with M2FS, GIRAFFE, and GMOS (as described in §2.1) are plotted as filled gray circles. Points
surrounded by black outlines represent the stars for which we obtained successful velocity measurements, and those we identify as Ret II
members are filled in with red. The four PARSEC isochrones used to determine membership probabilities are displayed as black lines. (b)
Spatial distribution of the observed stars. Symbols are as in panel (a). The half-light radius of Ret II from Bechtol et al. (2015) is outlined
as a black ellipse. (c) Radial velocity distribution of observed stars, combining all three spectroscopic data sets. The clear narrow peak of
stars at v ⇠ 60 km s�1 highlighted in red is the signature of Ret II. The hatched histogram indicates stars that are not members of Ret II;
note that there are two bins containing non-member stars near v = 70 km s�1 that are over-plotted on top of the red histogram..

twilight sky spectra. We fit these twilight spectra with
a high resolution solar template spectrum. The scatter
in velocity from fiber to fiber was  0.20 km s�1, so
we conclude that the internal velocity errors over short
timescales on an individual frame (incorporating, e.g.,
any fiber-to-fiber systematics) are negligible. However,
over multiple science exposures spanning several hours,
this is not necessarily the case (see above).
In order to verify the reliability of our velocity zero

point, we also measured the velocity of the radial ve-
locity standard star CD�43�2527 by fitting it with the
HD 122563 template, exactly as we did for the science
spectra. For the two exposures on CD�43�2527 , we find
vhel = 19.6 ± 0.1 km s�1 and vhel = 19.9 ± 0.1 km s�1,
compared to the cataloged velocity of vhel = 19.7 ±

0.9 km s�1 (Udry et al. 1999).

3.2. Metallicity Measurements

We calculated metallicities for 16 Ret II RGB stars
with the CaT calibration of Carrera et al. (2013). As
recommended by Hendricks et al. (2014), we measured
the equivalent widths (EWs) of the CaT lines in the same
way as Carrera et al., fitting each of the three lines with a
Gaussian plus Lorentzian profile. Also following Carrera
et al. (2013), we adopt the line and continuum regions
defined by Cenarro et al. (2001), except for the 8498 Å
line. Cenarro et al. employed a continuum bandpass of
8474 � 8484 Å for this line, but the blue limit of the
GIRAFFE spectra is 8482 Å, so we instead use a region
on the red side of the line from 8513 � 8522 Å. This
wavelength range may be modestly a↵ected by two weak
Fe I lines at 8514 Å and 8515 Å, but at the metallicity
of typical ultra-faint dwarf stars any depression of the
continuum should be negligible over a 9 Å band.
CaT metallicity measurements usually use the horizon-

tal branch (HB) magnitude to correct for the dependence
of the CaT EWs on stellar luminosity. The horizontal
branch magnitude of Ret II, however, is not well deter-
mined because the galaxy contains so few HB stars. We
therefore rely on the calibration of CaT EW as a function

of absolute V magnitude from Carrera et al. (2013). We
convert the DES g and r magnitudes to the SDSS photo-
metric system, and then use the relations for metal-poor
stars from Jordi et al. (2006) to transform to V . We
determine absolute magnitudes assuming a distance of
32± 3 kpc (Bechtol et al. 2015) and a V -band extinction
of AV = 0.05 mag (Schlafly & Finkbeiner 2011).

3.3. Spectroscopic Membership Determination

3.3.1. M2FS

Out of the 185 M2FS fibers placed on stars, we suc-
cessfully measured velocities for 52, including a large ma-
jority of the observed targets brighter than g = 20.6.
The remaining stars had S/N ratios too low for spec-
tral features to be confidently detected in the data. The
velocity measurements and other properties of the stars
are listed in Table 1. The velocity distribution we mea-
sure from the M2FS spectra exhibits a strong peak at
a velocity of ⇠ 60 km s�1 (see Fig. 1), as is character-
istic of a gravitationally bound system. Approximately
half of the stars for which we measure velocities are con-
tained in this peak, with the remainder spread across a
wide range from heliocentric velocities from ⇠ 0 km s�1

to ⇠ 330 km s�1.
For a large majority of the observed stars, the member-

ship status is unambiguous; stars with vhel > 90 km s�1

and vhel < 40 km s�1 are clearly not related to the peak
associated with Ret II, while those very near the mean
velocity of the system and close to the central position
spatially are almost certainly members. However, to en-
sure that the member sample is defined optimally we
carefully examine all stars within 20 km s�1 of the mean
velocity of Ret II, considering their velocities, positions in
the color-magnitude diagram, spatial locations, member-
ship probabilities from Bechtol et al. (2015), and spectral
features. Below we discuss the individual stars whose
membership is not immediately obvious.
Three stars in our sample have velocities of

vhel⇠ 50 km s�1, just to the left of the Ret II peak in
Fig. 1c, and about 15 km s�1 away from the systemic

Simon et al. 2015 (DES Collaboration) 
(see also Walker et al. 2015)

arXiv:1504.03309arXiv:1504.02889
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Table 1. Reticulum II

Quantity Value

Systemic Velocity v = 62.8± 0.5 km s�1

Velocity Dispersion �v = 3.3± 0.7 km s�1

Metallicity [Fe/H] = �2.65± 0.07

Metallicity Dispersion �[Fe/H] = 0.28± 0.09

Dynamical Mass M1/2 = 5.6± 2.4⇥ 105 M�

Mass-to-Light Ratio M/L = 470± 210M�/L�

J-Factor (0.2�) log10 J = 18.8± 0.6GeV2 cm�5

J-Factor (0.5�) log10 J = 18.9± 0.6GeV2 cm�5
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Figure 4. Left: the half I-band luminosity L1/2 versus half-light mass M1/2 for a broad population of spheroidal galaxies. Middle: the dynamical I-band
half-light mass-to-light ratio ϒI

1/2 versus M1/2 relation. Right: the equivalent ϒI
1/2 versus total I-band luminosity LI = 2 L1/2 relation. The solid line in the

left-hand panel guides the eye with M1/2 = L1/2 in solar units. The solid, coloured points are all derived using our full mass likelihood analysis and their
specific symbols/colours are linked to galaxy types as described in Fig. 2. The I-band luminosities for the MW dSph and GC population were determined by
adopting M92’s V − I = 0.88. All open, black points are taken from the literature as follows. Those with M1/2 > 108 M⊙ are modelled using equation (2)
with σlos and r1/2 culled from the compilation of Zaritsky et al. (2006): triangles for dwarf ellipticals (Geha, Guhathakurta & van der Marel 2003), inverse
triangles for ellipticals (Jørgensen, Franx & Kjaergaard 1996; Matković & Guzmán 2005), plus signs for brightest cluster galaxies (Oegerle & Hoessel 1991)
and asterisks for cluster spheroids, which, following Zaritsky et al. (2006), include the combination of the central brightest cluster galaxy and the extended
intracluster light. Stars indicate globular clusters, with the subset of open, black stars taken from Pryor & Meylan (1993).

more massive counterparts (Bovill & Ricotti 2009; Bullock et al.
2009).

4.2 The global population of dispersion-supported
stellar systems

A second example of how accurate M1/2 determinations may be
used to constrain galaxy formation scenarios is presented in Fig. 4,
where we examine the relationship between the half-light mass M1/2

and the half-light I-band luminosity L1/2 = 0.5LI for the full range
of dispersion-supported stellar systems in the Universe: globular
clusters, dSphs, dwarf ellipticals, ellipticals, brightest cluster galax-
ies and extended cluster spheroids. Each symbol type is matched
to a galaxy type as detailed in the caption. We provide three rep-
resentations of the same information in order to highlight different
aspects of the relationships: M1/2 versus L1/2 (left-hand panel),
the dynamical I-band mass-to-light ratio within the half-light ra-
dius ϒ I

1/2 versus M1/2 (middle panel) and ϒ I
1/2 versus total I-band

luminosity LI (right-hand panel).
Masses for the coloured points are derived using our full mass

likelihood approach and follow the same colour and symbol con-
vention as in Fig. 2. All of the black points that represent galaxies
were modelled using equation (2) with published σlos and r1/2 values
from the literature.13 The middle and right-hand panels are inspired
by (and qualitatively consistent with) figs 9 and 10 from Zaritsky,
Gonzalez & Zabludoff (2006), who presented estimated dynamical
mass-to-light ratios as a function of σlos for spheroidal galaxies that
spanned two orders of magnitude in σlos.

We note that the asterisks in Fig. 4 are cluster spheroids (Zaritsky
et al. 2006), which are defined for any galaxy cluster to be the sum
of the extended low-surface brightness intracluster light component
and the brightest cluster galaxy’s light. These two components are
difficult to disentangle, but the total light tends to be dominated

13 The masses for the open, black stars (globular clusters) were taken directly
from Pryor & Meylan (1993).

by the intracluster piece. One might argue that the total cluster
spheroid is more relevant than the brightest cluster galaxy because
it allows one to compare the dominant stellar spheroids associated
with individual dark matter haloes over a very wide mass range
self-consistently. Had we included analogous diffuse light compo-
nents around less massive galaxies (e.g. stellar haloes around field
ellipticals) the figure would change very little, because halo light is
of minimal importance for the total luminosity in less massive sys-
tems (see Purcell, Bullock & Zentner 2007). One concern is that the
central cluster spheroid mass estimates here suffer from a potential
systematic bias because they rely on the measured velocity disper-
sion of cluster galaxies for σlos rather than the velocity dispersion of
the cluster spheroid itself, which is very hard to measure (Zaritsky
et al. 2006).14 For completeness, we have included brightest cluster
galaxies on this diagram (plus signs) and they tend to smoothly fill
in the region between large Es (inverse triangles) and the cluster
spheroids (asterisks).

There are several noteworthy aspects to Fig. 4, which are each
highlighted in a slightly different fashion in the three panels. First,
as seen most clearly in the middle and right-hand panels, the dy-
namical half-light mass-to-light ratios of spheroidal galaxies in the
Universe demonstrate a minimum at ϒ I

1/2 ≃ 2–4 that spans a re-
markably broad range of masses M1/2 ≃ 109−11 M⊙ and luminosi-
ties LI ≃ 108.5−10.5 L⊙. It is interesting to note the offset in the av-
erage dynamical mass-to-light ratios between globular clusters and
L⋆ ellipticals, which may suggest that even within r1/2, dark matter
may constitute the majority of the mass content of L⋆ Es. Neverthe-
less, it seems that dark matter plays a clearly dominant dynamical
role (ϒ I

1/2 ! 5) within r1/2 in only the most extreme systems (see
similar results by Dabringhausen, Hilker & Kroupa 2008; Forbes
et al. 2008, who study slightly more limited ranges of spheroidal
galaxy luminosities). The dramatic increase in dynamical half-light

14 In addition, concerns exist with the assumption of dynamical equilibrium.
However, Willman et al. (2004) demonstrated with a simulation that using
the intracluster stars as tracers of cluster mass is accurate to ∼10 per cent.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 1220–1237

Wolf et al. 2010
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Dark Matter Searches  
in Gamma Rays

• Search for discrete gamma-ray 
sources coincident with the DES 
dwarf galaxy candidates 

• No significant gamma-ray sources 
detected over background 

• Most significant excess coincident 
with Reticulum II 
• LAT Collaboration, Pass8:  

local pvalue = 0.06 (1.5σ) 
• Geringer-Sameth+, Pass 7: 

local pvalue = 0.01 (2.3σ) 
!
!

• How does the expected dark 
matter annihilation signal from 
Reticulum II compare to other 
dwarf galaxies?
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TABLE I. DES dSph Candidates and Estimated J-factors

Name (`, b)a Distanceb log10(Est.J)c

deg kpc log10(
GeV2

cm5

)

DES J0222.7�5217 (275.0,�59.6) 95 18.3
DES J0255.4�5406 (271.4,�54.7) 87 18.4
DES J0335.6�5403 (266.3,�49.7) 32 19.3
DES J0344.3�4331 (249.8,�51.6) 330 17.3
DES J0443.8�5017 (257.3,�40.6) 126 18.1
DES J2108.8�5109 (347.2,�42.1) 69 18.3
DES J2251.2�5836 (328.0,�52.4) 58 18.8
DES J2339.9�5424 (323.7,�59.7) 95 18.4

a Galactic longitude and latitude.
b We note that typical uncertainties on the distances of dSphs

are 10–15%.
c J-factors are calculated over a solid angle of �⌦ ⇠ 2.4 ⇥ 10�4 sr

(angular radius 0.�5). See Section 4 for more details.

LAT ANALYSIS

To search for gamma-ray emission from these new dSph
candidates, we used six years of LAT data (2008 Au-
gust 4 to 2014 August 5) passing the P8R2 SOURCE event
class selections from 500MeV to 500 GeV. Compared
to the previous iteration of the LAT event-level analysis,
Pass 8 [35] provides significant improvements in all areas
of LAT analysis; specifically the di↵erential point-source
sensitivity improves by 20–40% in P8R2 SOURCE V6 rela-
tive to P7REP SOURCE V15. To remove gamma rays pro-
duced by cosmic-ray interactions in the Earth’s limb,
we rejected events with zenith angles greater than 100�.
Additionally, events from time intervals around bright
gamma-ray bursts and solar flares were removed us-
ing the same method as in the 4-year catalog analysis
(3FGL) [36]. To analyze the dSph candidates in Table I,
we used 10� ⇥ 10� ROIs centered on each object. Data
reduction was performed using ScienceTools version 09-
34-03.3 Figure 1 shows smoothed counts maps around
each candidate for energies > 1 GeV.

We applied the search procedure presented in Acker-
mann et al. [19] to the new DES dSph candidates. Specif-
ically, we performed a binned maximum-likelihood analy-
sis in 24 logarithmically-spaced energy bins and 0.�1 spa-
tial pixels. Data are additionally partitioned in one of
four PSF event types, which are combined in a joint-
likelihood function when performing the fit to each ROI
[19].

We used a di↵use emission model based on the Pass

7 Reprocessed model for Galactic di↵use emission,4 but

3
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

4
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

BackgroundModels.html

FIG. 1. LAT counts maps in 10� ⇥10� ROI centered at each
DES dSph candidate (white ‘⇥’ symbols), for E > 1 GeV,
smoothed with a 0.�25 Gaussian kernel. All 3FGL sources in
the ROI are indicated with white ‘+’ symbols, and those with
a test statistic > 100 are explicitly labeled.

with a small (< 10%) energy-dependent correction to ac-
count for di↵erences in the LAT response.5 Point-like
sources within each ROI from the recent 3FGL cata-
log [36] were also included in the fit. The spectral pa-
rameters of these sources were fixed at their 3FGL cata-
log values, while their normalizations were refit over the
broadband energy range. The normalizations of 3FGL
sources more than 5� away from the center are fixed at

5 The energy dependence of the e↵ective area and energy resolu-
tion is somewhat di↵erent in Pass 7 Reprocessed and Pass 8.
Because the Galactic di↵use emission model was fit to Pass 7

Reprocessed data without accounting for the energy dispersion,
we have rescaled the model for this analysis.

Reticulum II

Gamma-ray Counts 
Map (E > 1 GeV)

LAT & DES Collaborations 
(see also Geringer-Sameth et al. 2015)

arXiv:1503.02320arXiv:1503.02632
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Groups agree that the expected  
dark matter signal from Ret II is  
smaller than that expected from  
some other dwarf galaxies

Unlikely to see a dark matter 
signal from Ret II without also 
seeing it from other galaxies.
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Table 1. Reticulum II

Quantity Value

Systemic Velocity v = 62.8± 0.5 km s�1

Velocity Dispersion �v = 3.3± 0.7 km s�1

Metallicity [Fe/H] = �2.65± 0.07

Metallicity Dispersion �[Fe/H] = 0.28± 0.09

Dynamical Mass M1/2 = 5.6± 2.4 km s�1

Mass-to-Light Ratio M/L = 470± 210M�/L�

J-Factor (0.2�) log10 J = 18.8± 0.6GeV2 cm�5

J-Factor (0.5�) log10 J = 18.9± 0.6GeV2 cm�5
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Table 1. Reticulum II

Quantity Value

Systemic Velocity v = 62.8± 0.5 km s�1

Velocity Dispersion �v = 3.3± 0.7 km s�1

Metallicity [Fe/H] = �2.65± 0.07

Metallicity Dispersion �[Fe/H] = 0.28± 0.09

Dynamical Mass M1/2 = 5.6± 2.4 km s�1

Mass-to-Light Ratio M/L = 470± 210M�/L�

J-Factor (0.2�) log10 J = 18.8± 0.6GeV2 cm�5

J-Factor (0.5�) log10 J = 18.9± 0.6GeV2 cm�5

Some disagreement between 
groups about median J-factor…

Reticulum II
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Looking Forward

• A large-scale spectroscopy 
campaign will be necessary to 
classify and characterize newly 
discovered systems 

• Future sky coverage: 
• DES Y2: >4,000 deg2 
• DES Y3+: 5,000 deg2  

(and greater sensitivity) 

• LSST: 10,000 deg2  
(and much greater sensitivity) 

• Increased sensitivity:stellar 
systems with larger spatial extent 
• Do galaxies extend to even 

lower surface brightness? 
• Ultra-faint dwarf galaxies very 

nearby will be very spatially 
extended.
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Fig. 3.— Local Group galaxies (McConnachie 2012a) and globular clusters (Harris 1996, 2010

edition) occupy distinct regions in the plane of physical size and absolute luminosity. The majority

of DES satellite candidates (red dots) are more consistent with the locus of Local Group galaxies

(empty blue shapes) than with the population of Galactic globular clusters (black crosses). Dashed

lines indicate contours of constant surface brightness at µ = {25, 27.5, 30} mag arcsec�2.

Looking Forward
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• A large-scale spectroscopy 
campaign will be necessary to 
classify and characterize newly 
discovered systems 

• Future sky coverage: 
• DES Y2: >4,000 deg2 
• DES Y3+: 5,000 deg2  

(and greater sensitivity) 

• LSST: 10,000 deg2  
(and much greater sensitivity) 

• Increased sensitivity:stellar 
systems with larger spatial extent 
• Are there ultra-faint dwarf 

galaxies very nearby? 
• Are there more distant galaxies 

with extremely low surface 
brightness?
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Dark Energy Camera (DECam)

• 570 megapixel camera 
• < 20s readout time 
• ~3 deg2 field-of-view 
• Unprecedented sensitivity
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The Dark Energy Survey (DES)

• Fist full of fives: 
• 525 nights over 5 years 
• 5,000 deg2 
• 5 filters: g,r,i,z,Y 

• Constrain the dark energy 
equation of state with: 
• Supernova 
• Weak Lensing 
• Large Scale Structure 
• Galaxy Clusters 

• Unprecedented sensitivity 
can lead to unexpected 
discoveries…
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3 to 5 relative to Stage II, depending on the level of optimism. Our own forecast constraints for DES are
given below in Table 1 and correspond to an increase by a factor of 4.6 in the combined FoM over the DETF
Stage II value. Our projections for the FoM for each method lie toward the optimistic ends of the DETF
projections for Stage III; we justify the assumptions underlying these projections in §2.-5..

We note that considerable uncertainties in the systematic error levels remain for each of the methods.
Some of those will be pinned down by further theoretical work, e.g., via N -body simulations, while others
will likely only be determined once we have the large DES data set in hand and carry out internal and
external cross checks of each method. On the other hand, we find that the forecast combined FoM for DES
appears to be robust to changing the level of systematic uncertainty in any one of the dark energy probes.

Figure 1: 68% CL forecast DES constraints in the w0–wa plane from the four probes: BAO (black), clusters
(magenta), weak lensing (blue), and SNe (green), each combined with the Planck CMB prior; the filled,
red region shows the constraints from combining the four methods. All other cosmological parameters and
the nuisance parameters for each method have been marginalized. To better show the degeneracies for each
method, in this plot we have not included the DETF stage II constraints, unlike in Table 1.

Our forecasts are based on Fisher matrix calculations. For the fiducial cosmological model, we take
the matter density !mh2 = 0.14, dark energy density !DE = 0.73, w0 = −1, wa = 0, matter power
spectrum amplitude σ8 = 0.75, baryon density !bh2 = 0.024, spectral index ns = 1, and spatial curvature
!k = 0, consistent with currentWMAP constraints. We allow each of these parameters, including the spatial
curvature, to vary, but we impose massless neutrinos, no tensor contribution to the CMB, and no running
of the scalar spectral index. We assume that the primordial perturbations are adiabatic and Gaussian, as
expected in the simplest classes of inflation models. The forecasts assume a Planck prior for the CMB, as
adopted by the DETF. For each dark energy probe, we derive marginalized 68% CL constraints on w0 and
wa using the Planck prior and the survey parameters and assumptions outlined in the following sections. We
then combine the Fisher matrices for all four probes to derive the combined marginalized constraints. The
results are shown in Fig. 1 and displayed in Table 1.

In addition to measuring the effective dark energy equation of state and determining whether it is consis-
tent with Einstein’s cosmological constant, we plan to address the fundamental question of whether cosmic
acceleration is caused by dark energy or by a modification of General Relativity (GR) on large scales. Such a
modification is expected to alter the growth rate of large-scale structure in a manner not captured by a single
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